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Reliability and self-assembly of
organic electronics

1

In this thesis the reliability and self-assembly of organic field-effect transistors is studied. Transistors should provide a stable current under applied bias. At the moment
the commercialization of organic transistors is hampered by their operational stability of
which the origin is basically unknown and hotly debated in literature. Self-assembled
monolayers are usually used to improve the stability of organic transistors. In that case
self-assembled monolayers are used in a passive way. This thesis also explores the use
of SAMs in the active domain by incorporating insulating and semiconducting units in
the self-assembling molecule. By creating semiconducting self-assembled monolayers,
bottom-up electronics is within reach. Due to its large-area processing ability and substrate selectivity, self-assembly can be regarded as a promising processing technology to
fabricate organic electronics. This chapter serves as a general introduction into organic
electronics and the self-assembly thereof. First, the two main objectives of this thesis will
be formulated, a short historical perspective is presented and the conduction mechanism in
organic materials and field-effect transistors is introduced. Subsequently, self-assembled
monolayers are discussed and their utilization in organic electronics is highlighted. This
chapter concludes by presenting the scope of this thesis.

9
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Chapter 1. Reliability and self-assembly of organic electronics
The basic building block of organic electronics is the field-effect transistor; a micro-

electronic device used to manipulate the magnitude of a current with an external electrical
field. Transistors have to be reliable under operation, i.e. when a contant biases are applied to its electrodes the current should be constant. In organic transistors, however,
the current slowly decreases with time, an effect of which the origin is unknown. The
conduction mechanism in organic materials has been described extensively, 1 but the main
focus is on the current that immediately flows after a bias is applied. The time evolution
of the current has not satisfactorily been addressed. At the moment the commercialization of organic transistors is hampered by their operational stability. In an active matrix
display, for instance, the light emission of each pixel is directly proportional to the current
supplied by the driving transistor. Any change in the source-drain current with time is
directly reflected in a change in brightness of the pixel. As a typical example, the drain
current under applied gate bias is presented as a function of time in Figure 1.1. The
current slowly decreases with time and, as a consequence, the pixel of the active matrix
display will fade away.

The first objective of this thesis is to study the time evolution of the drain
current and to pinpoint the microscopic origin of the operational stability in
organic field-effect transistors.

- D r a in c u r r e n t ( n A )
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Figure 1.1: Drain current as a function of time when a transistor is continuously biased. To
find the origin of the observed current decrease with time is the first objective of this thesis.

The microscopic origin has been hotly debated. Possible explanations range from
charge trapping in the semiconductor at grain boundaries, 2 charge trapping by polarization, 3 hole-trap formation in the presence of water 4,5 to contact degradation. 6
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In this thesis it will be shown that the operational stability of organic transistors depends strongly on the environment in which the transistors are measured. Especially,
water adsorbed at the gate dielectric hampers the operational stability. Self-assembled
monolayers 7 (SAMs) are used to increase the hydrophobicity of the gate dielectric surface,
expel the adsorbed layer of water and therefore improve the stability of organic transistors. In that case self-assembled monolayers are used in a passive way. This thesis also
explores the use of SAMs in the active domain by incorporating insulating and semiconducting units in the self-assembling molecule. By creating semiconducting self-assembled
monolayers, bottom-up electronics is within reach. Due to its large-area processing ability
and substrate selectivity, self-assembly can be regarded as a promising processing technology to fabricate organic electronics. The building block of self-assembled electronics
is the self-assembled monolayer transistor (SAMFET); a field-effect transistor where the
semiconductor is a monolayer spontaneously formed on the gate dielectric. To arrive at
self-assembled electronics, multiple SAMFETs should be self-assembled into a complete
circuit. The exploration of self-assembly as a processing tool is still in its infancy. Dielectrics can be formed, 8 but self-assembly of the semiconductor is a major bottleneck.
The biggest challenge has been to form a defect-free layer that allows for efficient charge
transport.

The second objective of this thesis is to construct functional self-assembled
monolayers for bottom-up organic electronics.

SAM
Source

Source

Drain

Gate dielectric

Gate dielectric

Gate

Gate

Drain

12
9

3
6

Figure 1.2: Fabrication of self-assembled monolayer electronics. A substrate of choice is immersed in a solution (left) and, after a period of time, a functional microelectronic device can
be taken out (right). Constructing functional self-assembled monolayers (SAMs) for bottom-up
organic electronics is the second objective of this thesis.

12

Chapter 1. Reliability and self-assembly of organic electronics
We will start exploring self-assembly in organic light-emitting diodes (OLEDs) using

the internal dipole of the SAM. The fabricated patterned light-emitting diodes are ideally
suited for signage applications. Subsequently, SAMFETs are made in which the SAM
comprises a semiconducting unit. Their self-assembly process is studied and multiple
SAMFETs are integrated in circuits on silicon dioxide and organic dielectrics. The successful fabrication of SAMFETs can be regarded as the start of self-assembled monolayer
electronics. The combination of bottom-up self-assembly of SAMs with the surfacepatterning capabilities of top-down techniques paves the way for cheap and easily accessible nanofabrication.
This chapter serves as a general introduction into organic electronics and the selfassembly thereof. First a short historical perspective is presented and the conduction
mechanism in organic materials and field-effect transistors is introduced. Subsequently,
self-assembled monolayers are discussed and their utilization in organic electronics will
be highlighted. The scope of this thesis will be presented at the end of this chapter.

1.1

History

Our daily life is intertwined with the presence of semiconductors and would be severely
hampered when semiconductors were not exploited. Nowadays, it is very hard to imagine
a life without computers, cars, or mobile phones. The most important electrical building block of these applications is the field-effect transistor. Its first appearance can be
traced back to a patent filing of Julius Lilienfeld in 1926. 9 He proposed a method to
manipulate the magnitude of an electrical current by applying an external electrical field.
Although the patent was granted, no evidence exists to prove that Lilienfeld actually constructed functioning transistors. Twenty-two years later, in 1948 the first operating pointcontact transistor was reported, 10 but it took another 12 years until the first MOSFET
(metal-oxide-semiconductor field-effect transistor) was fabricated. 11 The advantage of a
MOSFET over a point-contact transistor is that multiple MOSFETs can be combined
into integrated circuits (ICs). In the late 1950s and early 1960s the first ICs appeared, 12
and their invention was awarded with the Nobel Prize in 2000. 13 A schematic representation of a field-effect transistor together with a photograph of the first MOSFET is
presented in Figure 1.3a and b. A transistor consists of three terminals, named source,
drain and gate electrode. The gate is used to modulate the current that flows between
the source and drain. The first MOSFETs were made of silicon as the semiconductor
with thermally oxidized silicon as the gate dielectric. The combination of silicon and
thermally grown silicon dioxide is still the most widespread combination of materials used
in commercial applications to date. 14

1.1. History
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Figure 1.3: (a) Schematic representation of a field-effect transistor. (b) Optical micrograph of
the first MOSFET (top view). 14

From inorganic to organic semiconductors
Conventional electronics are made from inorganic materials. Usually organic materials
are used as insulating material to prevent short circuits between electrical components
or wires. In the 1950s however, it was discovered that organic materials could carry a
significant amount of current. 15 In 1977 it turned out that the conductivity of polymers
could be tuned over eleven orders of magnitude. 16 The discovery on the conductivity
in organic materials triggered the scientific community to explore polymers as active
material in opto-electronic applications. It initiated the field of ”organic electronics” and
its discovery was awarded with the Nobel Prize in 2000. 17
Polymers can be made electrically active, strong, lightweight, flexible and can be
mass produced. Many polymers are soluble in organic solvents, making them ideally
suited for solution processing. The ability to process materials from solution allows
for a parallel fabrication of multiple devices on large-area substrates at low temperatures. Established process techniques such as spin coating or inkjet printing can be
employed, but additionally more exotic methods such as self-assembly 18 or microcontact
printing 19 are a topic of scientific research. The ability to process organic materials on
large areas at low temperatures together with their electrical conductivity make polymers
a viable candidate for flexible applications. The first commercial products with organic
semiconductors have been released; 20,21 the main applications are in displays in mobile
phones and cameras. The first television containing an 11 inch active-matrix organic
light-emitting diode display is on the market. 22 Bigger panels are announced.
All commercial applications released to date are mechanically rigid. The displays
contain inorganic transistors as the pixel engine. Flexible emissive active matrix displays

14

Chapter 1. Reliability and self-assembly of organic electronics

require flexible transistors as pixel engines. Commercial introduction of emissive organic
displays is hampered by the absence of stable organic field-effect transistors to drive the
display.

1.2

Charge transport in organic semiconductors

Organic semiconductors are primarily composed of carbon atoms. Conductivity originates from conjugation, i.e. the presence of alternating single and double bonds in
between subsequent carbon atoms. Isolated carbons contain six electrons, two in the 1s
and 2s orbital and two in the 2p orbitals. Two carbons can be bound via a single, double
or triple bond. Double bonds between separate carbon atoms are formed by hybridizing
three valence orbitals (2s, 2px and 2py ) to form three new orbitals: the sp2 -orbitals.
Three electrons occupy each an sp2 -orbital. The pz orbital remains and is occupied by
the fourth valence electron. These atomic pz -orbitals hybridize with neighboring carbon
b
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Figure 1.4: (a) Schematic representation the pz -orbitals of 2 isolated carbons (left) and their
hybridization when brought in close proximity (right). (b) Optical Schematic representation the
pz -orbitals of 4 isolated carbons (left) and their hybridization when brought in close proximity
(right). 23

atoms to form a molecular orbital, the so-called π-orbital. A schematic representation
of two carbon atoms with their pz -orbitals is presented in Figure 1.4. The interaction
between the pz -orbitals is either bonding or antibonding: the bonding π-orbital results
when pz -orbital lobes of the same signs overlap; the antibonding π-orbital is formed
when pz -orbital lobes of opposite signs overlap. The bonding π-orbital is of lower energy
and is called the HOMO (highest occupied molecular orbital) and the antibonding πorbital is called the LUMO (lowest unoccupied molecular orbital). Conjugated molecules
with alternating single and double bonds usually contain more than two carbon atoms.

1.2. Charge transport in organic semiconductors
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An example is 1,3-butadiene and its structure is schematically depicted in Figure 1.4b.
The molecule contains four carbon atoms of which the central two atoms are connected
through a single bond and the other two by a double bond. Although the two central
atoms are connected through a single bond, the carbons are close enough to generate
an overlap between their pz -orbitals. That overlap gives the central bond a double bond
character and allows for the delocalization of the four π-electrons over all four atoms.
Figure 1.4b shows how the four pz -orbitals of 1,3-butadiene combine to form a set of four
molecular π-orbitals. 23 Delocalization is not limited to four carbons as presented above,
but can be extended to an arbitrarily large conjugated polymer backbone. When an
organic molecule is conjugated and defect-free, the π-orbitals are delocalized and extend
along the polymer chain. A selection of organic semiconductors is depicted in Figure 1.5.
All of them consist mainly of carbon atoms. Conjugation is obtained by alternating single
and double bonds between the carbons along the polymer backbone or via hetero atoms
such as sulfur or nitrogen.
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Figure 1.5: Typical organic semiconductors. (a) poly(9,9’-dioctyl-fluorene-co-bithiophene)
(F8T2) (b) polythienylene-vinylene (PTV) (c) polytriarylamine (PTAA) (d) 3-butyl αquinquethiophene (3BuT5) (e) sexithiophene (T6)

Typically, conjugated segments along a polymer backbone are limited to a length
of a few nanometers, separated by chemical or structural defects. 24 These conjugated
segments vary in size and, consequently, each conjugated part of the molecule has a
different local HOMO and LUMO energy. The variations in these energies create localized
states on the polymer backbone. Structural disorder therefore leads to energetic disorder.
The energy levels of the organic semiconductor cannot be described by two delocalized

16
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energy bands separated by an energy gap. The charge carriers are localized and the
energy bands are broadened. 25
By now, the formalism to describe charge transport in organic materials is quite well
established. Due to the presence of disordered localized states, the charge transport can
be modeled by a phonon-assisted tunneling process, named ”hopping”, in a density of
localized states (DOS). 26 The shape of the DOS is usually approximated by a Gaussian 27
or an exponential 28 distribution. To obtain a detailed knowledge of the charge transport in
organic materials, devices have to be constructed that allows for injection and extraction
of charge carriers. The two main device architectures that will be discussed below are
light-emitting diodes (LEDs) and field-effect transistors (FETs).

1.3

Organic light-emitting diode (OLED)

In the simplest case, an OLED consists of a light-emitting polymer sandwiched in
between two metal electrodes. 29 One electrode injects an electron, the other a hole.
When the two charge carriers meet, they recombine and light is generated. The most
advanced OLEDs are flexible, contain multiple layers to control the charge balance and
mix multiple colors to generate white light emission. A photograph of a state-of-theart OLED is presented in Figure 1.6. The main focus of this thesis will be on organic
field-effect tranistors. Recent reviews on OLEDs can be found in Ref. 29.

Figure 1.6: A photograph of a state-of-the-art flexible OLED. 30

1.4

Organic field-effect transistor (OFET)

The basic building block for organic electronics is the field-effect transistor. Like the
MOSFET, organic field-effect transistors contain three terminals; a source, a drain and a

1.4. Organic field-effect transistor (OFET)
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gate electrode. The gate is electrically separated from the source and drain electrode by
the gate dielectric. In between the source and drain electrode an organic semiconductor
is applied. A bias applied to the gate causes charge accumulation in the semiconductor.
The accumulated charge decreases the resistance of the semiconductor, hence the name
trans-resistor, or transistor. 31
The typical device layout of an organic transistor is identical to the first inorganic
MOSFETs as presented in Figure 1.3, apart from the fact that the inorganic semiconductor is replaced by an organic one. A top view of the actual device is presented in
Figure 1.7b. In this thesis organic transistors are discussed that operate in p-type accumulation mode. When a negative bias is applied to the gate electrode, holes accumulate
in between the source and drain electrode at the semiconductor-dielectric interface. The
accumulation layer creates a conducting path between the source and drain electrode and
a current can flow. For a positive gate bias the semiconductor is depleted of unintentionally doped carriers and the transistor is switched off. A typical transfer curve, where the
source-drain current is monitored while the gate bias is swept, is presented in Figure 1.7.
The source-drain bias is fixed. The transfer curve clearly shows the transition from the

- D r a in c u r r e n t ( A )
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Figure 1.7: (a) Typical transfer curve of a transistor comprising a p-type semiconductor. At
negative gate bias current flows, at positive gate bias the current is zero. (b) Optical micrograph
(top view) together with a schematic representation of the transistor (side view). The channel
length is 10 µm.

When the bias on the drain, Vd , is much smaller than the bias on the gate, Vg , the
transistor is operated in the linear regime. When the drain bias is much larger than the
bias on the gate, the transistor is driven in saturation. In both regimes, an expression
can be derived for the absolute value of the current analogous to classical inorganic MOS

18
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modeling. 14 In the linear regime (|Vd |  |Vg − Vth |) the source-drain current, Isd , can
be described by:
lin
Isd
= −µlin

Cox W
(Vg − Vth )Vd ,
L

(1.1)

in which W and L are the width and length of the transistor, Cox the oxide capacitance,
µlin the mobility of the charge carriers in the linear regime and Vth the threshold voltage.
In this way, a mobility of the charge carriers can be extracted from the current-voltage
characteristics. It has to be noted that the mobility is not a material parameter but a
device parameter. The exact value is in general influenced by for instance the gate bias
(charge density), trap states on the gate dielectric, the permittivity of the gate dielectric,
chemical impurities, the type of contacts used and the device architecture. The usual
way to deduce the mobility is to take the first derivative of the source-drain current to
the gate bias, divide by the drain bias and correct for the geometrical parameters of the
transistor: 32
µlin =

∂Isd
L
,
Vd Cox W ∂Vg

(1.2)

In saturation, when |Vd | ≥ |Vg − Vth |, it can be derived that the source-drain current
equals:
sat
Isd
= −µsat

Cox W
(Vg − Vth )2 ,
2L

(1.3)

A value for the field effect mobility can then be obtained by taking the second derivative of the source-drain current to the gate bias and correct for the geometrical parameters
of the transistor: 32
µsat = −

L ∂ 2 Isd
,
Cox W ∂Vg2

(1.4)

The preceding descriptions are useful to extract key device parameters such as threshold voltage and mobility to compare different transistors. The major drawback is that
they do not take the underlying physics of charge transport in a disordered system into
account. Fundamental understanding of the charge transport in organic electronics originates from the field of photoconductors. A big research effort in the late 1980s and early
1990s resulted in a model that describes experimental observables such as the dependence
of the carrier mobility on temperature, density and electric field and time-of-flight profiles
in organic photoconductors. 33 To translate the physical mechanism of charge transport
in photoconductors to organic field-effect transistors, a major step was taken in 1998 by
Vissenberg and Matters. 34 Experiments performed before 1998 had indicated that the
field-effect mobility of holes in organic transistors depended on the temperature as well
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as on the applied gate bias. 35 The mobility was found to increase strongly with increasing
carrier concentration. Both dependencies were at that time not consistently described.
Vissenberg and Matters modeled the charge transport in organic transistors with
hopping, i.e. the thermally activated tunneling of carriers between localized states. They
used the concept of variable-range hopping. In that formalism carriers may either hop
over a small distance with a high energy penalty or hop over a long distance with a
low energy penalty. In that way both the gate bias and temperature dependence of
the mobility could be explained. In LEDs a mobility of the charge carriers of typically
10−5 cm2 /Vs was obtained, while in FETs the mobility was typically up to four orders of
magnitude higher; a puzzling large difference. Tanase et al. showed that the difference
originated from the strong dependence of the mobility on the charge-carrier density. 28 The
experimentally obtained current-voltage characteristics could be replicated by assuming
an exponential density of states. In 2005 a solution for hopping transport in a disordered
energy landscape with a Gaussian density of states was provided by Pasveer et al.. 27
They could model the dependence of the charge-carrier mobility on temperature, carrier
density, and electric field. Experimental current-voltage characteristics in LEDs based on
semiconducting polymers were reproduced. In this way a formalism to describe charge
transport in organic materials was established.

Ultra-thin semiconductors
An organic field-effect transistor operates in accumulation mode. Charges are electrostatically confined in the first few nanometers of the semiconductor near the dielectric
interface. 36,37 The majority of the semiconductor is depleted and acts as an insulator.
A variety of research groups has studied the semiconductor thickness dependence of
the field-effect mobility for various organic compounds. In these analyses the semiconductors are usually applied by vacuum sublimation and the field-effect mobility saturates
after 2-6 monolayers of deposited material. The thickness at which the mobility saturates depends strongly on the organic compound used. For example, Dodabalapur et
al. thinned down the organic semiconductor till 5 nm (approximately 2 monolayers) and
could still observe a field effect. 38 Granstrom et al. were the first to probe the field-effect
conductance of a single monolayer of sexithiophene. 39 They found that the conduction
through a single monolayer was not different from conduction in thicker crystals. Later,
Dinelli et al. found that the dependence of the mobility on layer thickness is influenced
by the evaporation speed. 40 Low speeds result in field-effect mobility saturation at 1.3
monolayers. For high evaporation speeds the field-effect mobility saturates at 2.1 monolayers. 1.3 monolayers were also found to be sufficient to saturate the mobility in a
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monolayer of 5,5’-bis(4-hexylphenyl)-2,2’-bithiophene. 41
For pentacene similar studies were performed, but in that system the maximum mobility was obtained after evaporation of six monolayers. The reason being that the first
monolayer of pentacene has a higher nucleation density and different molecular orientation than subsequent monolayers, which results in more grain boundaries and therefore in
a lower field-effect mobility. 42 By optimizing the morphology of the first layer and modifying the contacts with a self-assembled monolayer, evaporated monolayer pentacene
field-effect transistors were reported with charge-carrier mobilities up to 0.01 cm2 /Vs. 43
In conclusion, a proper molecular packing and morphology of the first layer is of
paramount importance to create functional monolayer FETs.

The observation that

charges are efficiently transported, even when the semiconductor is thinned down to a
monolayer, opens the possibility to use SAMs as active material in field-effect transistors.

1.5

Self-assembly

Self-assembly is the organization of components into structures without human intervention. 18 Self-assembly plays a central role in daily life; lipid molecules form oil drops in
water, phospholipids create the plasma membrane that encapsulate and protect the cellular contents from the environment and cells replicate through self-assembly. 44 The idea
to spontaneously create ordered structures from disordered materials is appealing from a
scientific point of view. In nanotechnology, it can be used to manufacture ensembles of
nanostructures in the regime where standard processing tools reach their limits. 18 The
advantage of self-assembly is that it can be made substrate-specific and is hardly limited
by the size of the substrate.

Self-assembled monolayers as supramolecular entities
Molecules can form ordered arrays by interacting with each other by kinetically labile non-covalent interactions such as electrostatic, van der Waals and π-π-stacking
interactions. 45 The interactions determine physical properties such as the melting point,
solubility and formation of aggregates. These non-covalent interactions can be used to
make superstructures, where single molecules combine to form supramolecular entities. 46
An example of a supramolecular structure is a self-assembled monolayer (SAM). In the
absence of external influences the SAM formation is driven by energy minimization to
arrange molecules in a monolayer structure. In 1980, Sagiv showed the possibility of
producing chemically attached monolayers on silicon dioxide, which can be considered as
the start of the self-assembled monolayer field. 47 Three years later, Nuzzo et al. found
an interaction between sulfur and gold, which made it possible to attach monomolecular
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layers to noble metals. 48 Both the methods pioneered by Sagiv and Nuzzo can result
in a highly ordered monolayer, spontaneously formed from solution; a self-assembled
monolayer.
Self-assembling molecules are usually built of three main ingredients; a head group, a
spacer and a functional end group. 49 The head group (or ligand) reacts with the substrate
surface and the spacer is used to separate the functional group from the substrate. A
schematic representation of a typical self-assembling molecule is presented in Figure 1.8a,
the self-assembly process in Figure 1.8b and a schematic representation of a fully grown
SAM in Figure 1.8c.

a

b
Functional end group

Spacer

Head group

c

SAM

Figure 1.8: (a) Typical self-assembling molecule containing three ingredients, a head group, a
spacer and a functional end group. (b) Self-assembly process. (c) Schematic representation of
a self-assembled monolayer grafted on a particular substrate.

The head group can be for example a -S-, -SH, -OH, -SiCl3 , -Si(CH3 )2 Cl etc. In
each specific molecule - substrate combination the reactive head group is chosen such
that there is a preferred interaction for the molecules to adhere at the substrate surface.
Depending on the required functionality, the functional group can consist of a single or
a few atoms like -F or -NH2 , but in exceptional cases it can contain even quite extensive
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conjugated parts like a semiconducting core. SAMs can be formed from the vapor phase
or from solution. The self-assembly process can be subdivided into two classes, namely
directed and undirected self-assembly. 50 Both classes will be presented below.

Directed self-assembly
In directed self-assembly an external force, e.g. charge, electric field or hydrophobicity, drives the self-assembling molecules into a specific ordered state. It has the major
advantage that, by applying a force on specific places, a pattern can be generated. A
well-known example is microcontact printing, 19 which utilizes a patterned elastomeric
stamp to print SAMs. Usually, but not exclusively, poly(dimethylsiloxane) (PDMS) is
used as stamp material. In that case, a precursor of the elastomer is poured over a
master having a relief structure on its surface. The precursor is cured and peeled off the
master. The PDMS stamp is immersed in a solution containing self-assembling molecules,
subsequently blown dry and pressed onto the substrate of choice. Only where the stamp
touches the substrate, a SAM is formed. A photograph and a zoom-in on the PDMS
stamp together with a schematic representation of the microcontact printing technique
is presented in Figure 1.9a, b and c, respectively.
The SAM can act as an etch mask. On the positions where a SAM is formed, the
underlying substrate is protected against the etchant, while the surrounding substrate
will be attacked and removed. In this way patterns with 100 nm resolution can be
fabricated. 51 The combination of self-assembly of SAMs with the large-area surfacepatterning capabilities of top-down techniques has paved the way for cheap and easily
accessible nanofabrication. In Chapter 6 we will use the properties of the SAM itself (its
dipole moment) to generate patterned light-emission in OLEDs.

Undirected self-assembly utilized in organic electronics
In undirected self-assembly the formation of a SAM occurs without external influences.
SAMs gained a great scientific and industrial interest because of their ability to change
the macroscopic properties of surfaces by a single sheet of molecules. Reported surface
modifications are for instance changes in work function, wettability and adhesion. The
advances in SAM-based electronics, however, have been slow.
Self-assembled monolayers are of interest to modify the contacts of organic LEDs
and FETs. In light-emitting diodes contacts can be the limiting factor determining the
performance and stability. Low work function metals are utilized to inject electrons, while
high work function metals are used to facilitate hole injection. The work functions of
metals which can be used for contacts span a relatively restricted range from about 3
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Figure 1.9: (a) Photograph of the stamp. (b) Optical micrograph of the stamp, the squares
are 10x10 µm. (c) Schematic representation of the stamping process. The stamp is used to
microcontact-print SAMs in Chapter 6.

to 6 eV. The work function of noble metals is high and, for stability reasons, high work
function metals are preferred. An oriented dipole can then be used to artificially lower
the work function of the contact metal. 52 By utilizing SAMs, these dipoles were created
and the built-in voltage of an organic light-emitting diode can be shifted by more than 1
eV. Bipolar organic LEDs can be fabricated with two identical electrodes and the electron
contribution to the device current could be measured in organic solar cells. 53
In field-effect transistors the use of SAMs on the source and drain electrodes is twofold. On the one hand, the monolayers act as dipoles to manipulate the work function. 54
On the other hand, SAMs can also alter the morphology of the semiconductor deposited
on top of the electrodes, which influences the charge injection. Since these semiconductors are usually poly-crystalline, the effect of the morphology on the contact resistance
is generally larger than the influence of the change in work function.
Up to now, the most established application of SAMs in organic transistors has been
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to passivate the surface of the gate dielectric. Usually SiO2 is used as the dielectric,
which terminates with silanol (-Si-OH) groups, creating a hydrophilic surface. Chemical
impurities that inhibit charge transport can then easily adhere to the dielectric. In order
to counteract this, silanol groups should be eliminated. Apart from hexamethyldisilizane
(HMDS), usually chlorosilanes like octyltrichlorosilane (OTS) or octadecyltrichlorosilane
(ODTS) are used to react with the gate dielectric surface. 55 In the case of SiO2 surfaces, the driving force for self-assembly is the formation of siloxanes, which connect the
precursor silane to the surface silanol (-Si-OH) groups via very strong Si-O-Si bonds. 47
In all cases above, SAMs are used to alter the device characteristics of both LEDs
and FETs and do not yet replace critical components like electrodes, dielectrics or semiconductors. First attempts to replace the dielectric by a SAM were made by Vuillaume
et al. in 1996 where ocatadecyltrichlorosilanes were grafted onto Si with native oxide. 56
They found that the combination of these SAMs with native SiO2 created a good insulator. Integrated circuits based on self-assembled nanodielectrics were made by replacing
the dielectric of field-effect transistors by a SAM, although still a layer of native oxide
was needed to graft the SAM onto. 8,57 The self-assembled nanodielectrics (SAND) are
extremely thin (only several nanometers) and exhibit a high capacitance. The voltage
required to switch a transistor with a SAND as gate dielectric is therefore low, creating
a pathway to manufacture low power logic and memory arrays. 57,58 The capacitance can
be tuned by changing the alkane chain length or by using self-assembled multilayers. The
dielectrics are compatible with organic and inorganic semiconductors, like pentacene, C60 ,
carbon nanotubes, In2 O3 and ZnO, for instance. 55

Semiconducting self-assembled monolayers
Self-assembled electronics requires a self-assembled semiconductor. The observation
that charges are efficiently transported, even when the semiconductor is thinned down to
a monolayer, opens the possibility to use SAMs as active material in field-effect transistors. By designing a self-assembling semiconducting molecule that anchors to the gate
dielectric, a monolayer transport channel can be formed in between the electrodes and
a self-assembled semiconductor is created. By ensuring proper injection, eventually a
SAMFET can be created. Applications for ultra-thin semiconductor FETs are foreseen
in gas and analyte detection systems. 41,59
The fabrication of SAMFETs has been attempted by several groups. Systems investigated were functionalized acenes on aluminum oxide, 60 hexabenzocoronene on silicon
dioxide, 61 and oligothiophenes with a functionalized aliphatic linker on aluminum oxide and silicon dioxide. 62 Chemical formulas of the reported molecules are presented in
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Figure 1.10.
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Figure 1.10: Reported semiconducting SAM molecules with an (a) acene (b) hexabenzocoronene
and (c) quarterthiophene as semiconducting core.

The electrical transport of the SAMFETs was measured as a function of channel
length. No current was measured when using long channels. Current modulation due
to the field effect was only observed in submicrometer channels. The accumulation
layer could not be pinched off, and there was limited current saturation. Moreover,
the mobility and the yields were low and the reproducibility poor. The lack of efficient
charge transport was due to the presence of defects and to the limited intermolecular
π-π coupling between the molecules in the self-assembled monolayers. A prerequisite
for functional SAMFETs is a dense and ordered semiconducting monolayer with proper
contacts to inject charges into the monolayer. In Chapter 7 SAMFETs are studied that
consist of an ordered semiconducting self-assembled monolayer. In this thesis the problem
of contacting and the subsequent injection of charges into the monolayer is solved and
SAMFETs exhibiting bulk-like charge-carrier mobilities are presented.
Organic field-effect transistors and SAMFETs are micrometer-sized entities. To provide in-depth understanding of the operating mechanisms in these devices local information is required with a resolution down to the nanometer regime. In monolayer FETs,
the accumulation layer can be easily accessed by conventional analytical tools like atomic
force microscopy and scanning tunneling microscopy. The latter technique is envisioned
to allow for the determination of charge transport on a molecular scale. Throughout
this thesis microscopic information is gathered and the performance of the field-effect
transistors is assessed by advanced scanning probe microscopy which will be introduced
below.
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1.6

Probing organic electronics

The majority of the research community in the field of organic electronics focuses on
bulk current-voltage techniques to study the charge transport properties of the materials
used. Charges have to be injected into, transported through and extracted from the
organic material. Bulk current voltage techniques only probe the terminals and most
of the local information is hidden. To provide further understanding of the operating
mechanisms of organic devices, local information on the charge transport is required.
Device dimensions are typically in the micrometer range and analytic tools to obtain
local information on the electric properties are scarce. One of the few options is scanning
Kelvin probe microscopy (SKPM), a technique based on atomic force microscopy. SKPM
is able to map the local surface potential with a resolution down to approximately 100 nm.

Scanning Kelvin probe microscopy (SKPM)
SKPM was originally developed in 1991 at IBM 63 and is a technique based on the
better known atomic force microscope (AFM). AFM collects topological information
of a sample surface by scanning it with a mechanical probe. The probe consists of
a cantilever with a sharp tip at its end. The tip is brought in close proximity of the
sample surface and due to interactions between the tip and the sample the resonance
frequency, amplitude and phase of the cantilever are changed. While scanning the surface,
a feedback mechanism is used to adjust the tip-to-sample distance to maintain a constant
force between the tip and the sample. The displacement needed to keep a constant force
provides the topography of the surface.
SKPM 64 is performed in lift mode; the tip is raised approximately 25 nm and scans the
sample at a constant tip-to-sample distance. An alternating bias is applied on the tip with
a frequency ω. The surface potential is obtained by nullifying the frequency component
of the electrostatic force, Fω , on the tip: Fω = ∂C /∂z[(Vsample − Vdc )Vac sin(ωt)], in
which C is the capacitance between tip and sample, z the distance of the tip to the
sample surface and Vac the amplitude of the applied alternating voltage signal. When
the electrostatic potential applied to the tip, Vdc , is equal to the electrostatic potential
on the surface, Vsample , the electrostatic force is zero. Therefore, the surface potential
between the tip and sample can be deduced directly from the applied potential on the
tip, using Vdc = Vsample . The potential on the surface can result from a difference in
work function between tip and sample, dipoles, charge accumulation or an applied bias
on metals for instance. Below we will highlight SKPM on operating devices.
The first report on potentiometry on active devices can be traced back to 1991. The
IBM group demonstrated voltage measurements on a commercial operational amplifier
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made from inorganic compounds. They showed the possibility to produce stable potentiometry images in ambient and could resolve the local surface potential along an
internal resistor in the amplifier chip. 65 In 1997 scanning Kelvin probe microscopy was
successfully applied to obtain the potential profile of a cleaved high electron mobility
transistor. 66 The authors could measure the potential profile in between source and drain
electrode and could resolve immobile charges.
The first report of the potential profile of an operating organic semiconductor fieldeffect transistor dates back to 2001. Seshadri and Frisbie presented potential profiles
across the channel of an operating field-effect transistor in which the semiconductor
consisted of only three monolayers of sexithiophene. 67 A high-impedance electrometer
recorded the potential on the AFM probe when it was brought into contact at fixed
points within the channel of the transistor. Most of the potential dropped at the contacts,
meaning that their devices were contact limited.
The first non-contact potentiometry of organic field-effect transistors was performed
by Bürgi et al. in 2002. 68 Their reported potential profiles as a function of drain and
gate bias are presented in Figure 1.11. Qualitatively, the observed potential profiles in

Figure 1.11: Potentiometry of an organic thin-film field-effect transistor. (a) Topography
measured by atomic force microscopy. (b) Potential profiles obtained with a gate bias, Vg , of
-20 V and the drain bias was decreased from -1 V to -8 V in -1 V steps. (c) Potential profiles as a
function of gate bias, where Vd = -8 V. Profiles are offset for clarity. Reprinted with permission
from the American Institute of Physics. 68
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accumulation could be explained as follows. In the linear regime when the drain bias is
much smaller than the gate bias minus the threshold voltage, the charge density is only
determined by the applied gate bias and the charge distribution is uniform throughout
the channel. Therefore the lateral field due to the small drain bias is constant and
the potential profile is a straight line. When the drain bias cannot be neglected, the
charge-carrier density distribution becomes non-uniform with a decreasing density from
source to drain. Since the conductance decreases with decreasing charge-carrier density,
the continuity of the current density demands that the lateral electric field increases
monotonically from source to drain. Therefore the potential profile is superlinear from
drain to source. Hence, increasing the gate bias leads to a transition from the linear to the
saturated regime and the potential profile in the channel gets convex. This development
in shape is clearly visible in the potential profiles measured by Bürgi et al. in Figure 1.11.
An analytical expression for the shape evolution is given by Smits et al.. 69 Besides the
transition from linear to saturated charge transport, Bürgi et al. also resolved a resistance
at the contacts. In 2003 the same group used SKPM to monitor the formation of the
accumulation layer. A characteristic time scale of about 0.1 s associated with charging
the accumulation layer could be obtained. 70
Kelvin probe microscopy measurements presented till 2003 mainly considered homogeneous semiconductors, without many structural defects and therefore little or no grain
boundaries. Pentacene is a highly polycrystalline semiconductor and therefore the morphology plays a predominant role in the charge transport. Puntambekar et al. showed
that discontinuities in the morphology lead to substantial potential drops near the source
and drain contacts and at the positions where particular crystals meet. 71 By simultaneously monitoring the morphology and the potential profiles they showed that SKPM
is perfectly suited to pinpoint bottlenecks in the charge transport in organic field-effect
transistors.
To summarize, to obtain spatially resolved information on bottlenecks in the charge
transport, SKPM is a very powerful technique. It is capable to resolve grain boundaries,
trapped charges and local variations in charge-carrier mobility. The combination of transport measurements together with the surface potential provides local information on the
charge transport in organic electronics.

1.7

Scope of this thesis

To arrive at the two formulated objectives above, i.e. reveal the origin of the gate
bias stress in organic transistors and incorporate self-assembled monolayers in organic
devices, five questions are answered in the course of this thesis.
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1. Which key field-effect transistor parameters are affected by applying prolonged
biases to the electrodes?
2. Is it possible to detect trapped charges and where are these charges trapped?
3. Can the gate bias stress effect be quantitatively modeled?
4. Is it possible to manipulate the local light emission in OLEDs by using self-assembled
monolayers?
5. Can organic electronics be fabricated in which a SAM transports the charge carriers
and which properties then determine the extracted device mobility?
In Chapter 2 the reliability of organic transistors is studied as a function of bias and
temperature. The systems under investigation will comprise both small molecules and
polymers. It is shown that the main effect of a prolonged gate bias is a shift of the
threshold voltage for all organic materials studied. It is argued that the threshold voltage
shift is due to trapping of charges.
In Chapter 3 scanning Kelvin probe microscopy is used to measure the surface potential of field-effect transistors before and after gate bias stress. A clear change in surface
potential will be observed, attributed to the trapping of charges. The trapped charges
are visualized in Chapter 4. The downside of SKPM is that it cannot distinguish between
charge trapping in the semiconductor or in the gate dielectric underneath. In literature it
is assumed that the charges are trapped in the semiconductor. 72,73 In Chapter 4 a method
will be developed to show that all immobile charges are stored in the gate dielectric and
not in the semiconductor. The new insight that the charge carriers are transferred to the
dielectric will be further rationalized by modeling the threshold voltage shift dynamics in
Chapter 5. A mechanism for the bias stress effect involving the exchange of holes in the
semiconductor with protons in the gate dielectric and the subsequent proton migration
into the gate dielectric is proposed. The model predicts an anomalous effect occurring
in the current versus time under application of a dynamic gate bias. The anomaly is
experimentally observed and described theoretically by drift-diffusion modeling. It is concluded that the effect of the gate bias stress originates from an electrolytic reaction with
water at the SiO2 interface. The gate bias stress effect can be eliminated by grafting
a self-assembled monolayer on the silicon oxide dielectric to create a hydrophobic gate
dielectric.
To study the use of self-assembly in organic electronics, a well-studied system - thiols
on gold - will be investigated. Thiols with opposite dipole moments are chosen. Scanning Kelvin probe microscopy reveals a work function change when these molecules are
printed on gold. By exploiting the work function modification of one injecting electrode,
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patterned light-emitting diodes are fabricated in Chapter 6. The experience obtained by
studying self-assembled monolayers on gold is then used to fabricate SAMFETs. The
method to fabricate SAMFETs is presented in Chapter 7, together with a study of the
growth mechanism of the SAM. Additionally, multiple SAMFETs are integrated into fully
functional integrated circuits. Until that point, silicon dioxide will used as the gate dielectric. Flexible electronics require bendable dielectrics. In Chapter 8 the self-assembly
process is transferred to organic dielectrics. The feasibility to fabricate flexible monolayer
organic electronics is shown by fabricating integrated cicuits. Implications of this thesis
and future prospects are presented in Chapter 9.
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Dynamics of threshold voltage
shifts in organic and amorphous
silicon field-effect transistors

2

The electrical reliability of organic field-effect transistors is investigated using polytriarylamine as a model semiconductor. The threshold voltage shift shows a stretchedexponential time dependence under an applied gate bias. The relaxation time is observed
to be in the order of 107 s at room temperature and is comparable to the best values reported for α-Si based transistors. The relaxation time is thermally activated with
activation energy of 0.6 eV. Differences in reliability of organic transistors are due to differences in a prefactor. The activation energy is common for all other organic transistors
reported so far and suggests that the mechanism behind the instability has a common
physical origin.
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Chapter 2. Dynamics of threshold voltage shifts in organic and α-Si FETs
Progress in environmental stability, processability and the increase of the field-effect

mobility of organic semiconductors has triggered their use as the active element in microelectronic devices. The advantages of their application are the easy processing, e.g .
spin coating and ink-jet printing, without a temperature hierarchy, and their mechanical
flexibility. Applications are foreseen in the field of large-area electronics where numerous devices are integrated on low-cost substrates such as plastics. The first flexible,
even rollable, active matrix displays based on organic semiconductors have already been
reported. 1
In present commercial displays, amorphous silicon, α-Si, is used as the active semiconductor. In order to be competitive, organic transistors should exhibit the same performance with respect to current modulation and electrical reliability. The field-effect mobility of organic transistors is already comparable to that of α-Si based transistors. Values
of 1 cm2 /Vs have been demonstrated not only for evaporated organic semiconductors, 2
but also using solution-processed semiconductors. 3,4 In this chapter the electrical instability of organic transistors will be discussed. The threshold voltage shift is observed to
show a stretched-exponential time dependence under an applied gate bias. The relaxation
time is observed to be in the order of 107 s at room temperature and is comparable to
the best values reported for α-Si based transistors. The activation energy is common for
all other organic transistors reported so far and suggests that the mechanism behind the
instability has a common physical origin. Differences in reliability of organic transistors
are due to differences in a prefactor.
The electrical instability of practical transistors is a device parameter. It can be due to
ionic displacements in the gate dielectric, photo-oxidation under applied bias in ambient
atmosphere, charge trapping at interfaces or at impurities in the bulk, or due to defect
creation. Here, the focus is on the intrinsic electrical instability. Thermally grown SiO2 is
used as gate dielectric and the dynamics of the electrical instability of organic transistors
is determined as a function of time and temperature in vacuum and in the dark.

2.1

Experimental

Polytriarylamine (PTAA) is used as a model compound. This organic semiconductor was obtained from Merck, UK, and yields reproducible transistors with a mobility
of about 10−3 − 10−2 cm2 /Vs. 5 The chemical structure is depicted in the inset of Figure 2.1. The transistors were fabricated using heavily doped Si wafers as the common
gate electrode with a 200 nm thermally oxidized SiO2 layer as the gate dielectric. Gold
source and drain electrodes were defined by photolithography with a channel width (W )
and length (L) of 1000 µm and 10 µm, respectively. A 10 nm titanium layer was used
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for adhesion. The SiO2 layer was passivated with hexamethyldisilazane prior to semiconductor deposition. PTAA films were spin coated from toluene with a layer thickness
of 80 nm. To compare the reliability of PTAA transistors with that of other organic
semiconductors transistors were made with regio-regular poly(3-hexylthiophene) (P3HT,
Merck, UK), poly(9,9’-dioctyl-fluorene-co-bithiophene) (F8T2, American Dye Source,
Canada) and 3-butyl α-quinquethiophene (3-BuT5, Syncom B.V., The Netherlands) as
the active compound. Films were spin coated from dichlorobenzene and chloroform.
Electrical transport measurements were performed in high vacuum, 10−5 mbar, using an
HP 4155C semiconductor parameter analyser. Prior to the measurements the transistors
were annealed for two hours in vacuum.
First the influence of the drain bias on the stress behaviour is investigated. The drain
current of a PTAA transistor under applied gate bias, Vg , of -20 V as a function of time
is presented in Figure 2.1. The dashed line shows the drain current using a continuous
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Figure 2.1: Drain current of a polytriarylamine field-effect transistor as a function of time under
applied gate bias of -20 V. The temperature was 100 ◦ C. The dashed curve is measured using
a continuous drain bias of -2 V. The squares present the currents measured when the drain bias
is temporarily grounded. The inset shows the schematic cross section of the transistor and the
chemical structure of polytriarylamine.

drain bias, Vd , of -2 V. The current slowly decreases with time. After recovery of
the transistor the measurement was repeated but for certain periods of time the drain
electrode was grounded. The measured drain currents are presented in Figure 2.1 as
squares. Irrespective of the previous drain biasing, the currents in the linear region are
identical. The source-drain bias and current do not have an effect on the dependence of
the source-drain current on time. Hence, the gate bias stress was further investigated
using a drain bias of 0 V.
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2.2

Stretched exponential time dependence

The effect of gate bias stress was measured as a function of time and temperature.
As a typical example linear transfer curves are presented in Figure 2.2a as a function
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Figure 2.2: (a) Linear transfer curves of polytriarylamine transistors as a function of stress time.
The gate bias during stress was -20 V and the temperature 140 ◦ C. Arrows indicate transfer
curves measured after one minute up to two weeks. (b) The threshold voltages obtained from
Figure 2.2a presented as a function of time on a logarithmic scale. The fully drawn curve is a
fit to a stretched-exponential time dependence.

of stress time. The applied gate bias during stress was -20 V and the temperature was
140 ◦ C. The transfer curves were measured at a drain bias of -1 V by sweeping the gate
bias from 5 V to -20 V and back. No significant hysteresis was observed and for clarity
only the forward sweep is depicted. The transfer curves shift with stress time in the
direction of the applied gate bias; in Figure 2.2a to the left. Arrows indicate transfer
curves measured after one minute up to two weeks. It shows that the magnitude of the
shift decreases with stress time. Figure 2.2a also shows that the shape of the transfer
curves hardly changes. The transfer curves are parallel. The main effect of gate bias
stress is a shift of the threshold voltage, Vth , which is empirically defined as the intercept
of the extrapolated transfer curve with the voltage axis.
Below we will derive an expression for the threshold voltage shift as a function of
time analogous to the analysis used to describe threshold voltage shifts in amorphous
silicon based field-effect transistors. The threshold voltage shift is assumed to be due
to trapped charges with surface density Ntr . The threshold voltage shift, ∆Vth , is then
given by ∆Vth = eNtr /Cox , where Cox is the capacitance of the gate dielectric and e the
elementary charge. In other words, the trapped charges create an electric field that has
to be compensated by the gate bias before an accumulation layer can be formed. The
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rate at which the charges are trapped depends on the free carrier density Nf . For an
exponential distribution of trap states, characterized by a temperature T0 , the trap rate
is given by:
dVth
dNtr
t β−1
∝
∝ Nf (t) β ,
dt
dt
τ

(2.1)

where τ is a characteristic time constant and the dispersion parameter β equals T /T0 . 6–8
Solving Equation 2.1 with the boundary condition that the threshold voltage at infinite
stress time is equal to the applied gate bias yields a stretched-exponential decay for the
threshold voltage with time:

∆V = V0

  β 
t
1 − exp −
,
τ

(2.2)

with V0 = Vg − Vth,0 , where Vth,0 is the threshold voltage at the start of the experiment.
The relaxation time τ is thermally activated as:
τ = ν −1 exp




Ea
,
kB T

(2.3)

where Ea is the mean activation energy for trapping, ν is a prefactor and kB the Boltzmann constant. The threshold voltages are obtained from Figure 2.2a and presented as
a function of time on a logarithmic scale in Figure 2.2b. The threshold voltage saturates
with time. The maximum shift is equal to the applied gate bias. The fully drawn curve
is a fit of the stretched exponential to the data. A perfect agreement is obtained for a
relaxation time τ of 2·104 s and a dispersion parameter β of 0.44 yielding a characteristic
temperature of the trap states, T0 , of 9 · 102 K. A similar agreement was found for stress
measurements at other temperatures, and when using different values for the gate bias.
At times smaller than the relaxation time, τ , the stretched-exponential can be approximated by a power law. This representation is used in literature to analyse reliability
measurements on a time scale too short to observe saturation. 9 Reliability measurements on α-Si transistors and MIS diodes show a small deviation from a stretchedexponential, especially close to saturation. A better agreement is obtained using a
stretched-hyperbola. 6,10,11 Mathematically the hyperbola is obtained when raising the
trapped charge density, Ntr , in Equation 2.1 to a certain power α. The underlying
physics is not well understood. For the measurements presented here introduction of
a parameter α different from unity does not improve the agreement and is therefore
disregarded.
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2.3

Temperature dependence

To further investigate the trapping dynamics, stress measurements on the PTAA
transistors were performed at various temperatures. The threshold voltage shifts were
fitted with a stretched-exponential. The characteristic relaxation times, τ , are presented
as a function of reciprocal temperature in Figure 2.3. A straight line is obtained showing
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Figure 2.3: Relaxation times, τ , as a function of reciprocal temperature. The solid line shows
that the relaxation time is thermally activated with activation energy 0.6 eV. The inset shows
the corresponding dispersion parameters, β, as a function of temperature. From the linear
dependence a characteristic temperature of the trap states of 9 · 102 K is obtained.

that the relaxation time is thermally activated. The activation energy was determined
to be 0.6 eV and the prefactor, ν, 103 s−1 . The inset of Figure 2.3 shows the values of
the dispersion parameter, β, as a function of temperature. From the linear dependence
the characteristic temperature of the trap states, T0 , of 9 · 102 K is re-obtained. For
α-Si transistors a modified temperature dependence has been suggested. An additional
constant β0 has been introduced by taking β equal to T /T0 -β0 . This refinement is
beyond the experimental accuracy.
PTAA is an amorphous semiconductor. The transport is by hopping, i.e. phonon
assisted tunneling, of charge carriers between localized states. The electrical transport
of the PTAA transistors in accumulation can be fitted using an exponential density of
transport states with a characteristic temperature of 450 K. This value is significantly
lower than that determined for the trap states of 9 · 102 K. This implies that charge
transport states and trapping states have a different physical origin. The trapping could
for instance be dominated by the interfaces. Therefore both the thickness of the PTAA
semiconducting film and the passivation of the SiO2 interface were varied. However,
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preliminary stress measurements did not yet unambiguously allow identification of the
trap states.
Similarly, there is no explanation yet for the values of the activation energy and, especially, for the prefactor. The activation energy is related to the microscopic nature of
the trap site. The trap itself is unknown but a value of about 0.6 eV is not unrealistic.
The value derived for ν is about 103 Hz. It cannot be related to a simple phonon mediated escape-to-attempt frequency. Then values around 1012 Hz would be expected. 12
A stretched-exponential decay, or Kohlrausch relaxation, can be fitted to many relaxation processes in disordered electronic and molecular systems. 13 It holds for dispersive
transport processes in an exponential distribution of trap states. The prefactor can vary
orders of magnitude. Here the prefactor is used only to phenonemenologically compare
the reliability of organic transistors.

2.4

Other semiconductors

Apart from PTAA the reliability of polythienylene-vinylene (PTV), regio-regular poly(3hexylthiophene) (P3HT) poly(9,9’-dioctyl-fluorene-co-bithiothene) (F8T2) and 3-butyl
α-quinquethiophene (3-BuT5) field-effect transistors was investigated as a function of
gate bias stress time and temperature. The experimental threshold voltage shifts were
fitted with a stretched exponential. Values derived for the prefactor ν and the activation
energy Ea are presented in Table 2.1.

Reported literature data on sexithiophene (T6),

copper-hexadecafluoro-phthalocyanine (FCuPc), vanadyl-phthalocyanine (VOPc), single
crystalline pentacene, and the amorphous metaloxide gallium-indium zinc oxide (GIZO)
are included as well. All data show that the threshold voltage shift of organic transistors in
accumulation is characterized by a common activation energy around 0.6 eV. Differences
in reliability are mainly due to differences in the value for the prefactor, ν.
The common trap could be due to water. Although all measurements were performed at high vacuum of 10−5 mbar, the presence of residual water, especially at the
semiconductor-dielectric interface, cannot be ruled out. This interpretation is supported
by reported stress and temperature dependent current measurements on organic transistors deliberately exposed to water vapour. 14,15,17 Trapped water was argued to be
responsible for the electrical instabilities. 14 Table 2.1 shows that the prefactor ranges
from 103 s−1 to 109 s−1 . An interpretation is hampered by the lack of quantitative data
on e.g. residual water content.
To benchmark the reliability of organic transistors the typical prefactor and activation
energy for α-Si transistors have been included in Table 2.1. Additionally, as figure of
merit the relaxation time, τ , at room temperature is calculated. As shown in Table
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Table 2.1: Activation energy, Ea , prefactor, ν, and relaxation time at room temperature for
investigated organic and amorphous oxide transistors, as well as for amorphous and microcrystalline silicon transistors. The table contains both new data as well as literature data. Values
are presented for gate bias stress in accumulation and recovery.

Stress

Recovery

Semiconductor

ν (Hz)

Ea (eV)

τ at 25◦ C

Reference

PTAA

103

0.6 ± 0.1

1 · 107

This work

PTV

106

0.62

6 · 104

[17]

T6

105

0.52

104

[19]

FCuPc

-

0.51

-

[20]

Pentacene
(single crystal)

108

0.67

4 · 103

[21]

F8T2

-

0.52

1.5 · 104

Ea : [22]
τ : This work

3-BuT5

107

0.6 ± 0.1

3 · 103

This work

P3HT

103

0.6 ± 0.1

4 · 107

This work

VOPc

103

0.6

1 · 107

[23]

GIZO
(annealed at 200 ◦ C)

106

0.68

3 · 105

[24]

GIZO
(annealed at 300 ◦ C)

103

0.5

4 · 105

[25]

α-Si

109

0.98

8 · 107

[12]

µc-Si

106

1.07

1012

[16]

PTAA

4

0.3 ± 0.1

1 · 107

This work

VOPc

104

0.6

6 · 105

[23]

α-Si

1013

1.1-1.5

5 · 109

[12]
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2.1, the relaxation time of PTAA transistors is comparable to that of α-Si transistors.
In the case of silicon based transistors the prefactor ranges from 106 s−1 to 1010 s−1
depending on the silicon crystallinity. The activation energy is constant, but significantly
higher than the 0.6 eV found for organic field-effect transistors. The higher stability
for microcrystalline based transistor results mainly from the fact that ν is more than
three orders of magnitude lower. 16 Due to the high activation energy and prefactor of
α-Si transistors, at higher temperatures PTAA transistors are more stable than their α-Si
counterparts.
In practical applications such as integrated circuits and active matrix displays, the
transistor is only temporarily switched on. The generated threshold voltage shift relaxes
in the off state. Recovery of stress therefore is as important as stress in accumulation.
Therefore, the recovery was investigated by grounding both drain and gate bias of fully
stressed transistors and measuring the transfer curves as a function of time and temperature. The threshold voltage shift in PTAA transistors is completely reversible and follows
a stretched-exponential time decay. The relaxation times are presented in Figure 2.4 as
a function of reciprocal temperature. The prefactor is 4 s−1 and the activation energy is
9
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Figure 2.4: Recovery relaxation times as a function of reciprocal temperature. The stressed
polytriarylamine transistors were recovered by grounding both gate and drain electrodes. The
dashed line shows that the relaxation time during recovery is thermally activated with activation
energy 0.3 eV. The inset shows the corresponding dispersion parameters a function of temperature. From the linear dependence a characteristic temperature of the trap states of 9 · 102 K is
obtained.

0.3 eV. The dispersion parameter as a function of temperature is presented in the inset
of Figure 2.4. From the linear dependence a characteristic temperature of the trap states
of 9 · 102 K can be derived, within experimental accuracy equal to the value derived
from the stress measurements in accumulation. This is expected when probing the same
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density of states. The activation energy and prefactor in accumulation are different from
those obtained in recovery. The differences are addressed by e.g. the defect-controlled
relaxation model proposed by Crandall. 18 Verification requires measuring the activation
energy in recovery as a function of stress time in accumulation.
Table 2.1 shows that for PTAA transistors at room temperature the relaxation times
for stress and recovery are comparable. This is typical for organic transistors and completely different from α-Si transistors where stress is orders of magnitude faster than
recovery. Finally, the PTAA devices were stressed at a positive gate bias where the transistor is in depletion. Quantitative analysis is hampered by the occurrence of hysteresis.
However, the preliminary measurements show that the dynamics is at least an order of
magnitude slower than at gate bias stress in accumulation. The limited voltage shift in
depletion indicates the high purity of the PTAA semiconductor.

2.5

Conclusion

In summary, in this chapter the reliability of organic field-effect transistors is investigated using PTAA as a model semiconductor. Electrical instabilities are due to threshold
voltage shifts under applied gate bias. The drain bias can be disregarded. The threshold
voltage shifts with time according to a stretched-exponential. The relaxation times in accumulation are thermally activated with activation energy of 0.6 eV. This value has been
found to be typical for all other organic transistors. The origin could be charge trapping
at residual water related trap sites. Differences in reliability of organic transistors are
due to differences in the prefactor that varies between 103 s−1 to 109 s−1 . The stress
is completely reversible with comparable time constants. The measurements have been
performed in vacuum and in the dark. The numbers derived here show the present status
on the intrinsic reliability. The reliability of PTAA transistors is already comparable to
that of α-Si transistors. There is an ongoing progress in materials science of organic semiconductors and materials technology of transistors. Mobility values of around 1 cm2 /Vs
have been demonstrated. Combined with the present reliability measurements it can be
expected that organic transistors will soon outperform their α-Si counterparts.
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Scanning Kelvin probe microscopy
on organic field-effect transistors

3

The reliability of organic field-effect transistors is studied using both transport and
scanning Kelvin probe microscopy measurements. A direct correlation between the current and potential of a field-effect transistor is demonstrated. During gate bias stress,
a decrease in current is observed that is correlated with the increased curvature of the
potential profile. After gate bias stress, the potential changes consistently in all operatingregimes: the potential profile gets more convex, in accordance with the simultaneously
observed shift in threshold voltage. The changes of the potential are attributed to positive
immobile charges, which contribute to the potential, but not to the current.
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Chapter 3. Scanning Kelvin probe microscopy on organic field-effect transistors
Field-effect transistors with an organic semiconductor as the active layer have been

studied for more than two decades. Applications are foreseen in the field of large-area
electronics where numerous discrete devices are integrated on low-cost substrates such
as plastics. The mobility of the charge carriers in organic field-effect transistors (OFETs)
is already comparable to amorphous silicon based transistors. As argued in the previous
chapter, the reliability of OFETs is the final bottleneck for integration in large-area applications, yet the microscopic mechanism affecting the reliability is unknown. Reliability
studies have mainly been focused on the charge-carrier transport by investigating the
current as a function of time for different bias conditions. 1

In this chapter scanning Kelvin probe microscopy (SKPM) is used to measure the surface potential. 2 For field-effect transistors based on unintentionally doped semiconductors
this potential is a measure for the electrostatic potential at the semiconductor-dielectric
interface. 3 Scanning Kelvin probe microscopy can therefore be used to determine the potential profile within the transistor channel. SKPM has shown to be a powerful method to
characterize grain boundaries and contact resistances. 4,5 In this chapter a direct correlation between the current and potential profile in the channel is presented for all operating
regimes of a transistor. SKPM as a function of time is used to monitor the potential
during gate bias stress. In this way, additional local information on the effect of gate bias
stress in the channel of a transistor is obtained.

Organic field-effect transistors were fabricated with 80 nm polytriarylamine (PTAA)
as the semiconductor. Scanning Kelvin probe microscopy measurements were performed
with a Veeco Dimension 3100 AFM operated at room temperature in a dry nitrogen
environment. First the height profile was recorded in tapping mode. Then the potential
profiles were measured in a non-contact lift mode at a distance of 50 nm from the surface.
An internal voltage source of the AFM, coupled to a voltage amplifier (HP 6826A) was
used to apply the biases on the electrodes. A current meter (Keithley 6485) was used
to measure simultaneously the source-drain current down to the nA range. First the
drain current as a function of the applied gate bias, Vg , was investigated. The drain
bias, Vd , was -9 V, the source electrode grounded. Figure 3.1a shows the drain current
as a function of the applied gate bias of a pristine device. For negative gate biases, a
hole-accumulation layer is formed at the insulator-semiconductor interface and current
between source and drain is flowing (indicated by I & II). For positive Vg the transistor
is switched off (indicated by III).

3.1. Surface potential mapping
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Figure 3.1: (a) Drain current of a PTAA transistor as a function of gate bias. The drain voltage
was -9 V. The source was grounded. (b) Potential profiles corresponding to the transfer curves
shown in Figure 3.1a, indicated with I, II and III for gate biases of -30 V, -10 V and 15 V,
respectively.

3.1

Surface potential mapping

Simultaneously with the current the surface potential was measured. The obtained
potential profiles are depicted in Figure 3.1b for gate biases of -30 V, -10 V and 15 V.
A significant contact resistance is absent, which is concluded from the absence of a
voltage drop at the source and drain contact. 5 Qualitatively, the potential profiles in
accumulation can be explained as follows. In the linear regime when the drain bias is
much smaller than the gate bias minus the threshold voltage (|Vd |  |Vg − Vth |), the
charge density is only determined by the applied gate bias and the charge distribution is
uniform throughout the channel. 7 Therefore the lateral field due to the small drain bias
is constant and the potential profile is a straight line. When the drain bias cannot be
neglected, the charge-carrier density distribution becomes non-uniform with a decreasing
density from source to drain. Since the conductance decreases with decreasing chargecarrier density, the continuity of the current density demands that the lateral electric field
decreases monotonically from drain to source. Therefore the potential profile is curved
from drain to source. Hence, increasing the gate bias leads to a transition from the
linear to the saturated regime and the potential profile in the channel gets convex. This
development in shape is clearly visible in the potential profiles of Figure 3.1b. When
the applied gate bias is increased beyond the threshold voltage, the transistor channel is
depleted and a potential barrier appears. This barrier prohibits the positive charge carriers
to move from the source to the drain electrode and hence the transistor is switched off,
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in agreement with the simultaneously measured negligible drain current at positive gate
bias.
A disadvantage of SKPM is that the absolute values for the measured potentials
depend on the capacitive coupling between the AFM probe and the investigated device.
This parasitic electrostatic coupling leads to a small offset at the reference source and
drain contacts. Usually more than 80% of the applied biasses on the electrodes are
reobtained by the surface potential measurement. It is common practice that a simple
scaling is performed to correct for the deviation of the applied bias and the observed
surface potential difference between the source and drain electrodes. 5 By this procedure
inevitably errors are introduced, but since in this chapter only the time dependence of the
potential profile will be of importance, the simple scaling routine is used here to match
measured surface potentials with the applied biases on the electrodes.

3.2

Threshold voltage instabilities

Under an applied gate bias for a prolonged period of time, a shift of the threshold
voltage is observed. As an example, transfer curves are presented in Figure 3.2. The
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Figure 3.2: Transfer curves of polytriarylamine transistors as a function of stress time in ambient
conditions. The gate bias during stress was -20 V. The curves shown are taken after 0 hours,
0.5 hours, 2 hours, 5 hours and 11 hours of gate bias stress.

applied gate bias during stress was -20 V. The transfer curves were measured at a drain
bias of -9 V by sweeping the gate bias from 5 V to -35 V. The transfer curves shift
with stress time in the direction of the applied gate bias; in Figure 3.2 to the left.
Five transfer curves are shown, taken after 0 hours, 0.5 hours, 2 hours, 5 hours and
11 hours respectively. A shift in threshold voltage indicated by the horizontal arrow
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49

corresponds directly with a decrease in current pointed out by the vertical arrow at
-20 V. This threshold voltage shift implies a shift from the linear to the saturated regime
and, according to the discussion above, an increase in the curvature of the potential
profiles is anticipated.
To investigate the influence of gate bias stress on the potential profile a continuous
bias of -20 V is applied to the gate and -9 V to the drain. The source electrode was
grounded. For 15 hours, the potential profiles inbetween the source and drain electrode
are measured. In Figure 3.3 seven profiles are shown, with a time interval of 2.5 hours
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Figure 3.3: Potential profiles as a function of time taken with a continuous bias of -9 V and
-20 V to drain and gate, respectively. The seven potential profiles were measured for 15 hours
with a time interval of 2.5 hours.

in between them. A continuous increase of the curvature of the potential is observed,
which provides a direct relation between threshold voltage shift, decreasing current and
change of the potential profile in the channel of the transistor. Interestingly, no voltage
drop appears at the contacts. Contact degradation 6 can therefore be ruled out as a
possible mechanism for the gate bias stress effect in PTAA transistors in a bottom-gate,
bottom-contact architecture.

3.3

Reliability studied with SKPM

The discussion above strongly suggests that the principal behavior of the change of the
potential during gate bias stress is the same in all operating regimes: the potential profile
gets more convex. To further substantiate this, the potential profiles were measured as a
function of applied gate bias of an OFET before and after 0.5 hours of gate bias stress of
-20 V. The threshold voltage shifts approximately 4 V in the direction of the applied gate
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bias as shown in Figure 3.4a. The simultaneously measured potential profiles are shown
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Figure 3.4: (a) The line with black circles represent the transfer curve a pristine OFET (see
also Figure 3.1), the line with squares is the drain current after exposure to a gate bias stress of
-20 V for 0.5 hours. (b-d) Potential profiles corresponding to the transfer curves shown in (a),
indicated with I, II and III for gate biases of -30 V, -10 V and 15 V respectively. In these graphs,
the drawn lines with circles and with squares represent the potential profiles of the pristine and
stressed OFET respectively.

in Figure 3.4b-d, for gate biases of (I) -30 V, (II) -10 V and (III) 15 V, respectively. The
drawn lines with circles and with squares represent the potential profiles of the pristine and
stressed OFET, respectively. In the linear regime (I, Figure 3.4b) the change in potential
profile is negligible. However, in the saturated regime (II, Figure 3.4c) and in depleted
regime (III, Figure 3.4d), substantial changes in the potential profile are observed. The
increased curvature of the potential profiles indicates that additional charges are present in
the transistor that influence the electric field. The sign of these charges can be understood
from the increased potential in depletion as measured after stress (Figure 3.4d). The
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additional carriers contribute with the same sign to the measured potential as the positive
gate. Hence these carriers must be positive as well. Together with the decrease in source
drain current in Figure 3.4a, the only appropriate conclusion is that these positive charges
are immobile. This also explains that the largest changes occur near the drain electrode:
the impact of a uniform sheet of immobile charge on the potential profile is largest where
the density of mobile carriers is smallest. The threshold voltage shift is therefore due to
accumulated immobile positive charges that contribute to the potential profile, but not
to the current. The change of the surface potential is a direct measure of the magnitude
of the threshold voltage shift as will be further investigated in the next chapter.

3.4

Conclusion

In summary, a direct correlation between the current and potential profile between
the source and drain electrode in all operating regimes of a transistor is presented. In the
saturated regime, the potential profiles are convex, while in the linear regime, the potential
profiles are straight. When the transistor is biased in depletion, a potential barrier in the
channel is formed that prohibits the charge carriers to move from the source to the drain
electrode. During gate bias stress, a decrease in current is observed, which is directly
correlated with the increase of the curvature of the potential profile. The difference of
the potential profile before and after stress is negligible in the linear regime. Changes
are mainly visible when the transistor is operated in depletion and saturation, especially
near the drain contact. The changes of the potential profile are attributed to positive
immobile charges. The exact location of the immobile charges cannot be determined.
The trapped charges can either be in the semiconductor or in the gate dielectric. In
the next chapter a method will be developed to elucidate the location of the immobile
carriers.
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Charge trapping at the dielectric of
organic transistors visualized in real
time and space

4

In the previous chapter it was shown that the gate bias stress effect is due to trapping
of charges. Their exact location remained elusive. In this chapter, scanning probe
techniques are used to follow the actual trapping process of charges in real time and
space. By comparing the dynamics of the charges moving on the surface of the bare silicon
oxide insulator to that of the gate bias stress, it is concluded that water-regulated charge
trapping on the silicon oxide is responsible for the instability of the organic transistors.
Definite proof for charge transfer to the gate dielectric is provided by delamination of the
semiconductor after gate bias stress. The trapped charges remain in the gate dielectric
as evidenced by scanning Kelvin probe microscopy.
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Chapter 4. Charge trapping in OFETs visualized in real time and space
Recently the commercialization of the first reflective organic displays employing or-

ganic field-effect transistors (OFETs) has been announced. These new electrophoretic
displays are bi-stable and have low power consumption. Future, emissive, organic lightemitting displays will operate at high powers and then reliability and excellent long-term
stability OFETs will be crucial for stable operation. As shown in the previous chapters,
most OFETs suffer significantly from gate bias stress under ambient conditions, which
causes a detrimental shift of the voltage where the device switches on during operation.
This threshold voltage shift limits exploiting the full potential of organic semiconductors
and OFETs in low-cost, large-area, flexible applications. As an example, emissive displays
would require up to four driving transistors per pixel to compensate for the threshold voltage shift in the transistors. 1 This demonstrates the urgency of a proper understanding
of the stressing mechanism.
In most studies reported so far, organic field effect transistors are actually hybrid
material devices, consisting of metallic contacts, an inorganic gate dielectric, and an
organic semiconductor. Silicon dioxide is commonly used as the gate dielectric. Although
the top layer of SiO2 is known to contain trap sites for charge carriers, 2 it is presently
not clear if these traps are related to the origin of the bias-stress effect, and, if so, how
this is affected by environmental conditions such as humidity. 3–8,10
In this chapter, the dynamics of trapping and detrapping of charges on bare SiO2 is
visualized in real time and space using scanning Kelvin probe microscopy (SKPM) and
compared to the bias-stressing dynamics of an organic field-effect transistor employing a
SiO2 dielectric. It is shown that the generally observed gate bias stress effect in OFETs
is due to water-related charge trapping at the SiO2 surface, rather than to trapping
in the organic semiconductor itself. This insight rationalizes previous results 3–8,10 and
gives credence to argue that the surface of the inorganic gate dielectric determines the
reliability of organic transistors. Furthermore, the question is answered why passivating
the SiO2 surface or decreasing the ambient humidity results in a significant reduction of
the bias stress.
Transistors with polytriarylamine (PTAA, Merck, UK) as organic semiconductor were
fabricated using heavily doped silicon wafers as the common gate electrode with a 200 nm
thermally oxidized SiO2 layer as the gate dielectric. Gold source and drain electrodes were
defined by standard photolithography with a channel width and length of 2500 and 10 µm,
respectively. Before depositing gold, a 10 nm titanium adhesion layer was evaporated.
The substrates were exposed to an oxygen plasma treatment for 10 minutes, followed by
passivation of the SiO2 layer with hexamethyldisilazane (HMDS). Subsequently, PTAA
films with a layer thickness of 80 nm were deposited by spin coating from toluene.

4.1. Reliability issues
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Reliability issues

In order to test the reliability of the prepared organic field-effect transistors, the
influence of a prolonged gate bias on the drain current was investigated by applying a
gate bias of -20 V for 27 h. Contrary to the previous chapters, here the stability is
investigated in ambient atmosphere. The gate bias was interrupted 22 times for several
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Figure 4.1: (a) Linear transfer curves of polytriarylamine transistors as a function of stress time.
The gate bias during stress was -20 V and the temperature 20 ◦ C. (b) The threshold voltages
obtained from Figure 4.1a presented as a function of time on a logarithmic scale. The fully
drawn curve is a fit with a stretched-exponential time dependence.

seconds to record the transfer characteristics of the transistor (Figure 4.1a) at a drain
bias of -9 V by sweeping the gate bias from +20 V to -35 V, while the source electrode
was grounded. Figure 4.1a shows that the transfer curves shift with stress time, t, in the
direction of the applied gate bias but that the shape of the transfer curves is more or less
constant, in correspondence with shifts observed in Chapter 2. Hence, the main effect
of gate bias stress is a shift of the threshold voltage, Vth , which is empirically defined
as the intercept of the extrapolated transfer curve with the voltage axis. The threshold
voltage shift as a function of time is presented in Figure 4.1b.
The threshold voltage shift, ∆Vth, can be attributed to trapped charges. At a trap
surface density of Ntr , the threshold voltage shift is given by ∆Vth = eNtr /Cox where
Cox is the capacitance of the gate dielectric and e the elementary charge. The rate
at which the charges are trapped depends on the free carrier density Nf and is usually
modeled with a time-dependent diffusion constant: D(t) = D0 (νt)−β , in which ν is an
attempt-to-escape frequency and β a dispersion parameter. 11 The change of the carrier
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density from equilibrium is then described by:
dNf
= −AD(t)Nf ,
dt

(4.1)

in which A is a prefactor that is proportional to a capture cross-section for the charge
carriers. Solving equation 4.1 using the definition for threshold voltage shift results in a
stretched-exponential time dependence:
  β 
∆Vth (t)
t
Nf (t)
= 1 − exp −
=1−
,
V0
Nf (0)
τ

(4.2)

where τ is a characteristic time constant and the dispersion parameter β = T /T0 . T
is the absolute temperature and kB T0 is the characteristic width of the distribution of
trap sites (kB is Boltzmann’s constant). 11 The prefactor V0 is equivalent to Vth (t =
∞) − Vth (t = 0), in which Vth (t = ∞) is equal to the applied gate bias. When the
threshold voltage shift as a function of time is fitted with the stretched exponential (see
Figure 4.1b), a good agreement is found with τ = 104 s and β = 0.5. The characteristic
timescale for stressing, τ , is 3 orders of magnitude smaller than when the gate bias
stress effect is evaluated in vacuum (see Chapter 2), indicating that impurities from the
environment have a major influence on the threshold voltage shift.
In Chapter 2, it was shown that for bottom-gate organic transistors with a SiO2 dielectric, τ is thermally activated with an activation energy of 0.6 eV that is virtually independent of the semiconductor used. Although the stretched-exponential formalism gives
a proper way to compare different OFETs, a satisfying explanation for the mechanism
that causes the threshold voltage shift is lacking. It has been suggested that water 3,6–8
or hydroxyl groups at the surface 2,5 are the origin of the gate bias stress induced threshold
voltage shift.

4.2

Linking the threshold voltage shift to trapping of charges

To univocally prove that the shift in threshold voltage is due to trapping of charges,
the transistors were stressed and analyzed in situ in the scanning Kelvin probe microscope
(SKPM), allowing for a direct measurement of the surface potential immediately after
each gate sweep. The transistors were subjected to a continuous gate bias of -60 V,
source and drain electrodes were grounded. Linear transfer characteristics as a function
of stress time are presented in Figure 4.2a. The transfer curves shift with stress time
in the direction of the applied gate bias; in Figure 4.2a to more negative voltages. The
transfer curves are nearly parallel. The main effect of gate bias stress is a shift of the

4.2. Linking the threshold voltage shift to trapping of charges
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threshold voltage. The corresponding surface potentials, measured with all electrodes
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Figure 4.2: Charge trapping. (a) Transfer curves as a function of stress time measured at a
drain bias of -5 V. The gate bias during stress was -60 V. The curves shift to the left. (b)
Corresponding surface potential profiles with PTAA still present. When the pinch-off voltage
surpasses 0 V the surface potential becomes positive.

grounded, are presented in Figure 4.2b. For the first two transfer curves, indicated by the
down triangles and diamonds, the pinch-off voltage is positive. At zero volt gate bias,
where the potential profile is measured, an accumulation layer is therefore present. In
this case a surface potential of 0 V is obtained throughout the channel. With increasing
stress time, the transfer curve shifts gradually to the applied gate bias. Once the pinchoff voltage shifts beyond 0 V, the surface potential becomes positive and increases with
stress time.
The explanation is schematically given in Figure 4.3. The pristine transfer curve
exhibits a positive pinch-off voltage, as commonly observed when using SiO2 as gate
dielectric. The origin is argued to be due to fixed negative interface charges. 2 Upon
grounding all electrodes, the interface charges are compensated by mobile holes injected
into the semiconductor. The interface charges are screened and the surface potential is
therefore 0 V throughout the channel, as illustrated in Figure 4.3a.
When a continuous gate bias is applied, the transfer curve gradually shifts to the
applied gate bias, caused by trapping of charge carriers. With time, the density of
positive trapped charges becomes larger than that of the negative interface charges.
Consequently the pinch-off voltage has shifted beyond 0 V, as in Figure 4.3b. PTAA is a
p-type semiconductor that does not transport electrons. Therefore, when the electrodes
are grounded, the immobile charges cannot be compensated. Thus, the surface potential
remains non-zero and increases with the net immobile charge density and hence with
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Figure 4.3: Schematic of the charge trapping process. (a) The top image shows a schematic
representation of a transfer curve with a positive threshold voltage. A positive threshold voltage
indicates that negative immobile charges are present in the gate dielectric which are compensated
by mobile holes in the semiconductor. The resulting surface potential is then zero everywhere
as shown in the bottom image. (b) Schematic representation of a transfer curve with a negative
threshold voltage (top), indicating that positive charges are trapped, which give rise to a positive
surface potential in between source and drain as shown in the bottom image.

the pinch-off voltage. The exact molecular-level nature of these trapping sites and their
location is not yet understood. 9 SKPM cannot distinguish between charge trapping in
the dielectric or in the semiconductor.

4.3

SKPM on bare SiO2

Scanning Kelvin probe microscopy was performed on the same OFET devices, but
without applying the organic semiconductor layer. The device layout is depicted in the
inset of Figure 4.4a. Because this device does not have an active layer, usual transport
measurements cannot be performed. However, SKPM allows studying the potential
profile at the SiO2 gate dielectric while biases are applied to the electrodes. 12,13 As
argued before, the absolute values for the measured potentials depend on the capacitive
coupling between the AFM probe and the entire investigated device, which leads to a
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4.3. SKPM on bare SiO2
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Figure 4.4: Potential profiles as a function of time for substrates with different HMDS coverage.
The applied bias on the drain (right) electrode is 10 V, the source and gate electrodes are
grounded. The time step between each curve is 6 seconds. The contact angle of the surface
with respect to water of (a)-(c) is 70, 60 and 40 degrees, respectively. The inset of (a) shows
the cross section of the device-layout used, the inset of (b) shows the potential profiles when
-10 V is applied to the drain electrode and 0 V to source and gate electrode.

small offset at the reference source and drain contacts. A simple scaling was done to
correct for the deviation of the observed surface-potential difference between the source
and drain electrodes from the applied bias. 14
Figure 4.4b shows the potential profile that was obtained when a +10 V bias was
applied to the drain electrode, while the source and gate electrodes were grounded. As
expected, SKPM reveals a surface potential of 0 V above the source electrode (left)
and the SiO2 dielectric (middle), while on the drain electrode the surface potential is
approximately +10 V. However, as a function of time, the potential profile becomes less
squared, indicating that charges enter the area in between the electrodes, i.e. the SiO2

60

Chapter 4. Charge trapping in OFETs visualized in real time and space

gate dielectric. This effect is present for charges of both polarities at similar timescales
as indicated by the inset of Figure 4.4b, where the potential profiles as a function of time
are shown when the source and gate are grounded and the drain is at -10 V. The polarity
independent effect is remarkable, because hole and electron trapping on SiO2 is expected
to be quite different. SiO2 is known to trap electrons rather than holes. 2 The similar
timescales might indicate that both charge carriers are trapped at a transporter (i.e. an
ion or water itself) of which the movement across the surface is the time-limiting factor.
To verify the importance of the SiO2 surface, the surface of the SiO2 was covered with
different surface concentrations of hexamethyldisilazane. HMDS binds to the OH groups
present at the SiO2 surface and reduces the concentration of OH groups at that surface.
The coverage, or degree of silylation, is controlled by the time of the HMDS vapor exposure. With increasing silylation, the surface becomes more hydrophobic, as evidenced
from a larger water contact angle. 15,16 The surface potential profiles of three substrates
with water contact angles of 70, 60 and 40 degrees are shown in Figures 4.4a-c, respectively. These contact angles represent HMDS coverages of approximately 53, 42, and
14 percent as measured with high-sensitivity low-energy ion scattering (LEIS). 17,18 With
decreasing contact angle, an increase in the rate by which the potential profile changes is
observed. This indicates that charges are indeed present on the surface of SiO2 and that
their mobility can be reduced by passivating the surface. Silylation lowers the density of
available sites and thereby reduces the ability of the charges to move along the SiO2 surface, in agreement with surface conductivity measurements on surface-modified SiO2 . 19
It is worthwhile to note that functionalization of the SiO2 also changes the local surface
work function as measured with SKPM. With increasing HMDS coverage, an increase
of the surface potential was observed before applying a bias. This is observed as an
increasing step with increasing HMDS coverage at the position of 2 µm in Figure 4.4a-c.

4.4

Monitoring trapped charges

To study the time dependence of the charge movement, the relaxation process of
the trapped charges was measured by stressing the devices at +10 V on the drain for 1
minute and then grounding all contacts. The resulting potential profiles are presented in
Figure 4.5a-c, again for the substrates with water contact angles of 70, 60 and 40 degrees,
respectively. Comparison of the potential profiles reveals that immediately after stressing
most charges are present in the device with the lowest HMDS coverage, as inferred from
the higher and broader distribution of the surface potential. After the contacts were
grounded, a decrease of the surface potential as a function of time is observed. Again,
it is observed that lower HMDS coverage results in a faster relaxation process.
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Figure 4.5: Potential profiles as a function of time for substrates with different HMDS coverage
after 10 V was applied to the drain electrode for 1 minute. During this measurement all electrodes
were grounded. The time step between each curve is 6 seconds. The contact angle of the surface
with respect to water of (a)-(c) is again 70, 60 and 40 degrees, respectively.

The total number of trapped charges is in good approximation proportional to the
integral of the measured potential. 20 In Figure 4.6, the amount of trapped charges, i.e.
the integral of the curves of Figure 4.5a-c, is plotted as a function of time. The time
dependence of the decrease of trapped charges can be described with the stretchedexponential time relation of equation 4.2. A perfect fit is obtained for all three HMDS
coverages. The typical time constant τ increases with the coverage of HMDS. For β an
increase with decreasing HMDS coverage is observerd.
The decreasing amount of injected charges during stress upon increasing the silylation
of the surface suggests that the generally observed bias-stress effect in OFETs is due to
charge trapping at the SiO2 surface. To verify if water has a role in the charge trapping,
the water content of the ambient atmosphere was decreased by purging with dry N2
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Figure 4.6: Open squares: the total amount of trapped charges, i.e. the integral of the curves
of Figure 3a-c, as a function of time measured at a humidity of 40% (indicated by A, B and
C, respectively). Dashed lines: fits with a stretched-exponential time dependence. The values
for τ and β are 70 s and 0.8 for B, and 131 s and 0.5 for C. The fit of A is not unique due
to the limited variation of the total amount of charges as a function of time. Open circles
(D): measurements of the sample with a contact angle of 40 degrees but measured at a lower
humidity of 13%.

gas. Under these conditions, the number of trapped charges is dramatically reduced and
their kinetics is slowed down significantly, as evidenced by the open circles in Figure 4.6.
Interestingly, the behavior of the 40-degrees-contact-angle sample is reproduced exactly
by the 70-degrees-contact-angle sample by only decreasing the relative humidity from
approximately 40 percent (ambient) to 13 percent. It seems therefore that silylation
and humidity act, with opposite effects, on the same trap. Hence, both the silylation
and humidity dependence are in qualitative agreement with the stress measurements on
OFETs in air and in vacuum, where the values for β are 0.5 and 0.3, respectively. 8 The
dependence of the gate bias stress induced threshold voltage shift on the humidity was
also reported by Gomes et al.. 6
The bias stress in actual OFETs is likely caused by traps on the SiO2 surface. Indeed,
the dispersion parameter β, reflecting the width of the involved trap distribution, is very
similar in both experiments. However, the time scales of both experiments, represented
by the parameter τ , are different. This should not come as a surprise since in the
SKPM experiment the carriers are injected from a metal contact, whereas in the OFET
the accumulation layer is supposed to act as the charge reservoir. The actual charge
transfer from the semiconductor to the gate dielectric is not easily studied, because
the gate dielectric interface is buried under the semiconductor. The gate dielectric and
semiconductor are bound by Van-der-Waals forces. In the next paragraph a method is
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presented that allows for the delamination of the semiconductor, yielding an exposed
gate dielectric, accessible for various characterization techniques. The location of the
trapped charges can then be revealed by delaminating the semiconductor after applying a
prolonged gate bias and characterization of the exposed bare gate dielectric with scanning
Kelvin probe microscopy.

4.5

Delamination of the semiconductor

To pinpoint the exact location of the trapped charges, the semiconductor is carefully delaminated at different stages of the stress experiment. The active layer can be
completely removed by peeling once with a piece of adhesive tape as shown by the photograph in the inset of Figure 4.7b. With a pair of tweezers the semiconductor can be
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Figure 4.7: Exfoliation of the semiconductor. (a) Transfer characteristics before (black) and
after (grey) PTAA exfoliation. Drain biases were -2 V, -5 V and -20 V. (b) X-ray photoemission
spectroscopy before (black) and after (grey) PTAA exfoliation. The inset shows the actual exfoliation experiment. After exfoliation the N1s peak of nitrogen is gone, the PTAA is completely
removed.

detached as a continuous film from the gate dielectric. The reflection of the tape is
visible on the bare dielectric as a bright spot. The easy exfoliation is due to a 1 hour
HMDS treatment, which lowers the interfacial energy; without this treatment the semiconductor cannot be delaminated reliably. The transfer curves before and after peel-off
are presented in Figure 4.7a in black and grey respectively. The source-drain current after
exfoliation is zero for all combinations of gate and drain biases, indicating the absence
of the semiconductor.
The complete removal of the semiconductor was further verified with X-ray photoemission spectroscopy (XPS), a well-established technique to identify the chemical
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composition of the topmost surface layers. Nitrogen is a marker for the presence of the
semiconductor, PTAA, with binding energy around 399 eV. The XPS spectra before and
after delamination are presented in Figure 4.7b in black and grey, respectively. After
exfoliation, no sign of nitrogen is detected on various spots on the surface. The measurements clearly demonstrate that the semiconductor can be completely removed, revealing
the bare gate dielectric. Here the exfoliation method is applied to elucidate the origin of
the gate bias stress effect.

4.6

Charge transfer to the gate dielectric

A series of PTAA transistors was stressed for specific periods. At the end a transfer
curve is measured, the semiconductor is peeled off and the surface potential of the
exposed gate dielectric is probed with SKPM with all electrodes grounded. The transfer
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Figure 4.8: Charge transfer to the gate dielectric. (a) Transfer curves as a function of stress
time before exfoliation. (b) Corresponding surface potential profiles after PTAA exfoliation. The
net surface potential of the negative and positive charges in the dielectric is revealed.

curves are presented in Figure 4.8a with the corresponding surface potentials plotted in
Figure 4.8b. Each transfer curve corresponds to a different device, because after peel-off
the transistor is destroyed. All transistors were fabricated from the same six-inch wafer,
yielding reproducible electrical characteristics.
Under applied bias the transfer curves presented in Figure 4.8a show a similar shift as
in Figure 4.2a, as expected for identical devices. For the pristine transfer curve indicated
with the down-triangles the pinch-off voltage is positive. The surface potential measured
on the bare gate dielectric is negative, in contrast to the zero potential obtained with
semiconductor still present. The non-zero potential originates from the negative interface
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charges in the gate dielectric. There is no semiconductor to accommodate screening
charges. With increasing stress time the surface potential increases. At the end of
the stressing procedure the potential profiles with and without semiconductor become
identical.
To determine the exact location of the trapped charges the surface potentials before
and after exfoliation of the semiconductor are compared quantitatively below. The state
of the transistor is characterized by its pinch-off voltage as set by the stress time. The
surface potentials as a function of pinch-off voltage are presented in Figure 4.9a together
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Figure 4.9: Quantitative comparison before and after exfoliation. (a) Surface potential extracted
from Figure 4.2b and Figure 4.8b (in the middle of the channel) versus the pinch-off voltage.
The pinch-off voltage is defined as the bias at which the drain current reaches 100 nA. (b)
Schematic representation of the position of the trapped charges with all electrodes grounded;
figure 1-4 correspond to situations labeled 1-4 in Figure 4.9a. For clarity only the net density of
trapped charge is shown.

defined as the onset of current transport. Due to a finite parasitic leakage current, the
exact value cannot be determined. Therefore the pinch-off voltage was arbitrarily set at
the bias at which the current reaches 100 nA. The resulting offset can be disregarded for
the discussion.
The pristine transistor contains negative interface charges, which are revealed upon
stripping the semiconductor (region 1 in Figure 4.9a and Figure 4.9b). This demonstrates
that the charges are immobile and located in the gate dielectric. When a semiconductor
is present, these immobile interface charges are screened by the semiconductor leading
to a zero volt surface potential (region 2 in Figure 4.9a and Figure 4.9b). For a stressed
transistor a non-zero surface potential is obtained, which is the same with and without
semiconductor (regions 3 and 4 in Figure 4.9a and Figure 4.9b). Upon stressing charge is
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trapped, which cannot be compensated by the p-type semiconductor. The surface potential is identical both with and without semiconductor, which unambiguously demonstrates
for the first time that the charges are not trapped in the semiconductor but trapped in
the gate dielectric.
To definitely prove that the charges are trapped in the gate dielectric, a transistor
with a self-standing semiconducting film as active layer was fabricated as shown in the
inset of Figure 4.10. The pristine transfer curve is shown in black. Subsequently the
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Figure 4.10: Refreshing the semiconductor. In black a typical transfer curve of the transistor
with a loose semiconductor. In light grey the transfer curve after the transistor is exposed to a
prolonged gate bias of -60V for several minutes. In dashed light grey when the semiconductor
is removed. In grey a transfer curve with the semiconductor refreshed. The invariance of the
threshold voltage provides additional evidence that the charges are trapped in the gate dielectric
and not in the semiconductor.

transistor is stressed until the transfer curve has shifted by about -15 V (light grey).
The self-standing semiconducting film is then removed and a transfer curve is taken. No
current is detected (dashed light grey), the semiconductor is completely removed. A
pristine new film is then applied on the same source-drain electrodes. Again a transfer
curve is measured and plotted in grey. The transfer curve is nearly identical to the original
stressed transfer curve, proving once more that the origin of the gate bias stress effect is
charge trapping in the gate dielectric.

4.7

Conclusion

Gate bias stress has been studied in great detail, because it remains the primary
impediment to commercial introduction of organic microelectronics. The microscopic
origin has until now been under debate, possible explanations ranged from charge trapping
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in the semiconductor at grain boundaries, 21 charge trapping by polarization, 22 hole-trap
formation in the presence of water, 6,7 to contact degradation. 23 In these specific systems
investigated, the proposed mechanisms may indeed be valid, however once they have
been eliminated, the prevailing mechanism described in this chapter will still pertain. This
understanding will lead to development of new material sets and device architectures that
can mitigate the gate bias stress. Some reports hint to the gate dielectric, 4,5,24 however,
the role of the gate dielectric has received unsatisfactory attention. Many combinations of
semiconductor and dielectric are possible. Here the most frequently used gate dielectric,
SiO2 , is studied in combination with an environmentally stable amorphous polymeric
semiconductor, PTAA. For this system it is proven above that the gate bias stress effect
is dominated by charge transfer into the SiO2 gate dielectric. Additionally, the exfoliation
method has been applied to air stable p- and n-type semiconductors. A detailed study of
the exfoliation experiment with perylene as semiconductor was performed (not shown).
For that system the gate bias stress effect is also dominated by charge transfer into the
gate dielectric. The procedure can be extended to examine charge transfer across any
weakly bound buried interface in a variety of device architectures. The exfoliation method
can be directly transferred to other semiconductors to verify the suggested mechanisms
for each particular case. The method can also be applied to other dielectrics, since the
semiconductors are usually loosely bound to their gate dielectrics. Importantly, it can
be applied to systems not associated with gate bias stress such as interface trapping in
light-emitting diodes, 25 photo-induced transfer across interfaces, 24 and analyte detection
in sensors. 26

The charge trapping occurring in the SiO2 top layer sheds new light on previously
reported results. First, it explains that the activation energy of the threshold voltage shift
does not depend on the particular semiconducting polymer that is used. 8 Second, the
influence of water on the gate bias stress 3–8,10 can now also be explained as an increase
in trap site density on the SiO2 surface. The conclusion that the gate bias induced
threshold voltage shift is due to traps at the SiO2 substrate surface is further supported
by the fact that this effect is reduced when a layer of poly(α-methylstyrene) is placed
between the SiO2 and the active layer. 4 In this case, the presence of a spatial barrier
between the mobile charge carriers and the traps results in a much longer time scale
for the threshold voltage shift dynamics. In combination with the SKPM measurements
presented in this chapter, all observations above clearly demonstrate that the generally
observed bias-stress effect in OFETs is related to water-related charge trapping at the
SiO2 surface.
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Anomalous current transients in
organic field-effect transistors

5

In the previous chapter it was shown that charge is transferred to the gate dielectric
upon applying a prolonged gate bias. In this chapter a scenario is proposed that explains
many of the till now unexplained observations of the operational stability of organic fieldeffect transistors. The proposed scenario predicts a new effect under dynamic operation.
During operation the gate bias is abruptly reduced to a value still high enough to ensure
accumulation. Instead of the expected decrease, the current then shows a counterintuitive
increase. The anomalous effect is experimentally verified and its dynamics is perfectly
described by the proposed model.

Published as:
A. Sharma, S.G.J. Mathijssen, M. Kemerink, D.M. de Leeuw and P.A. Bobbert, Applied Physics
Letters 95, 253305 (2009) and
A. Sharma, S.G.J. Mathijssen, M. Kemerink, T. Cramer, D.M. de Leeuw and P.A. Bobbert, Applied
Physics Letters 96, 103306 (2010).

69

70

Chapter 5. Anomalous current transients in organic field-effect transistors
Organic field-effect transistors (OFETs) are the basic building blocks of low-cost

contactless identification transponders, or electronic barcodes, and pixel engines of flexible
active matrix displays. 1,2 The bottleneck for commercial introduction is their operational
instability: 3 under operation, while the transistors continuously switch on and off, the
current modulation decreases. This effect has been studied extensively for a constant
applied gate bias, where the instability is due to a shift of the threshold voltage - the gate
bias at which the transistor switches on - with time, leading to a monotonically decreasing
source-drain current. 4–13 This effect is usually referred to as the ”bias stress effect” and
its possible origins are hotly debated. Little or no attention has been paid to the current
behavior for non-constant biases. In this chapter the transistor current of an OFET is
investigated under dynamic applied biases. Surprisingly, a current response to a sudden
reduction of the gate bias is found to be non-monotonic: the current first increases before
it shows the usual decrease. The resulting anomalous current transients can be perfectly
modeled by the conversion of holes into protons in an electrolytic reaction involving water
and diffusion of these protons into the gate dielectric.

5.1

Dynamic biasing

The dynamic biasing scheme shown in Figure 5.1 ensures that on switching the gate
bias from a high to a low value, the transistor remains in accumulation. The source-drain
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Figure 5.1: Upper panel: dynamic switching scheme of the gate bias voltage Vg . Main panel:
source-drain current Isd vs. time t for a source-drain voltage VSD = -3 V. Dashed line: decreasing
current as expected from existing theories for the bias stress effect. The points a-d correspond
to the situations depicted in Figures 5.2a-d.

current, Isd , shows a non-monotonic temporal behavior. Before switching, the current
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shows the usual monotonic decrease. However, immediately after switching, the current
shows an initial, quite counterintuitive, increase. After reaching a maximum, the current
continues to decrease. Without being commented on, a very similar behavior was recently
reported in an OFET based on a different organic semiconductor, poly-dioctyl-fluoreneco-bithiophene (F8T2): about 500 s after switching the gate voltage from -60 to -40 V, a
subtle but clear maximum in Isd can be seen in Figure 2 of that work. 15 The observation
of this anomalous behavior for different semiconductors suggests that it is caused by a
universal mechanism.
The occurrence of this anomalous current transient means that the OFET has a
memory of its ”biasing history”, as demonstrated by the fact that at the points b and
d in Figure 5.1 the source-drain current is the same, whereas its future development is
not. Capacitive charging or discharging of the OFET occurs on a much smaller time
scale and therefore cannot be related to this anomaly. The long time scale at which the
effect occurs is roughly comparable to that of the bias stress effect and this suggests a
relation between the two effects.
In studies of the bias stress effect it has become customary to describe the time (t)
dependence of the shift ∆Vth (t) of the threshold voltage Vth with a stretched-exponential
function: ∆Vth (t) = V0 (1 − exp[−(t/τ )β ]), with 0 < β < 1, τ a relaxation time, and
V0 a voltage close to the applied constant gate voltage. 7,9,16 The bias stress effect in
OFETs is a reversible phenomenon, i.e. on grounding of the gate electrode of an OFET,
the threshold voltage shifts back towards its original value. This backward shift, referred
to as ”recovery”, also exhibits a stretched-exponential behavior, and occurs on a similar
time scale. 9 Two other important observations related to the bias stress effect are: (i)
The effect is influenced by humidity; 4,12,17 the use of a hydrophobic dielectric virtually
eliminates the effect 10 and covering the SiO2 by a thin hydrophobic layer does the same. 18
(ii) The effect is thermally activated, with an activation energy of about 0.6 eV, apparently
independent of the semiconductor used. 9
The anomalous current transient in Figure 5.1 suggests that a competition occurs
between trapping and detrapping of mobile carriers, but this does not straightforwardly
lead to a memory effect. Actually, the shape and peak position of the anomalous current
transient was verified to be independent for drain biases ranging from -3 V to -20 V.
Field-assisted detrapping can therefore be ruled out as a possible mechanism to explain
the anomalous current transients. Reversible ion motion could in principle lead to memory effects, but then the transfer curve should shift to positive gate bias when stressed
in accumulation. 5 Any ions present in the SiO2 should therefore be produced during
operation. Since organic semiconductors are usually permeable to water, electrolysis of
water molecules in the accumulation layer can lead to the presence of protons. The
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electrolytic production of protons from water on the SiO2 surface was proven already
long ago by replacing water in the ambient by heavy water (D2 O) and demonstrating the
presence of deuterium gas (D2 ) after performing surface-conductivity measurements. 19
In the previous chapter scanning Kelvin probe microscopy (SKPM) was performed on a
bottom-contact device of the same type as used in the present study but without a semiconducting layer and the SKPM profiles showed a time evolution at the SiO2 surface. 12
In view of the above deuteration experiment, the potential profile evolution is attributed
to the motion of protons. Recent first-principles calculations within density-functional
theory (DFT) have shown that water at the Si-SiO2 interface can undergo a hole-assisted
oxidation reaction, generating protons. 20
The fact that protons can move reversibly in SiO2 has been demonstrated by memory
effects occurring in Si/SiO2 /Si devices, where protons are shuttled through the SiO2
from one Si layer to the other. 21 Furthermore, DFT calculations of transport of protons
in SiO2 predict an activation energy of about 0.5 eV. 22 The fact that this energy is
virtually the same as the 0.6 eV activation energy found in the experiments on bias
stress, independent of the organic semiconductor, 9 is strong evidence that proton motion
in the SiO2 is indeed responsible for the bias stress effect.
Based on the above mentioned experimental and theoretical results a model for the
anomalous effect as well as for the bias stress effect is proposed. It consists of two ingredients: (i) hole-assisted electrolytic production of protons from water in the accumulation
layer and (ii) the subsequent diffusion of these protons into the SiO2 gate dielectric.
Below it will be demonstrated that this model can quantitatively explain the important
features of the gate bias stress effect as well as the anomalous current transients.

5.2

Bias stress mechanism

In particular, the following mechanism is proposed: (i) in the presence of water,
holes (h+ ) in the organic semiconductor can convert into protons (H+ ) in the electrolytic
reaction 2H2 O + 4h+ → 4H+ + O2 (g). (ii) Protons can convert back into holes
in the reaction 2H+ → 2h+ + H2 (g). (iii) Protons in the accumulation layer of the
semiconductor are in equilibrium with protons in the oxide at the interface with the
semiconductor: H+ (semi)  H+ (oxide). (iv) Protons at the interface can diffuse into
the bulk of the oxide.
Protons in the semiconductor probably occur in a hydrated form (H3 O+ or more
complex coordination), but this does not change the analysis. Additionally, the net effect
of the above reactions is the electrolysis of water and the production of H2 and O2 . The
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estimated amounts of produced H2 and O2 in the setup are extremely small and could
not be detected.
The above reactions should be fast in comparison to the diffusion of protons into
the bulk of the oxide. The surface concentration [h+ ] of holes in the semiconductor will
then be in equilibrium with the volume concentration [H+ ] of protons in the oxide at the
interface with the semiconductor. The total charge is conserved. The concentrations of
holes and protons will be linearly related via
 +
 
H = λ h+ ,

(5.1)

where λ is a proportionality constant, having the dimension of an inverse length, which
is determined by the reaction constants. In the remainder of this chapter, λ is treated as
a parameter.
The proposed mechanism behind the anomalous transient effect observed in Figure 5.1
is sketched in Figure 5.2. The four points marked as a-d in Figure 5.1 correspond in the
same order to Figures 5.2a-d. On applying an initial gate voltage Vg ,0 , protons generated
in the accumulation layer diffuse into the oxide at the cost of the hole density in the
accumulation layer, leading to a decrease of Isd ; see Figure 5.2a. At time t = t1 , the
switching of the gate bias to a less negative voltage Vg ,1 causes the hole density in the
accumulation layer to decrease. Because of the equilibrium condition (Equation 5.1)
the proton density at the oxide interface correspondingly decreases, giving rise to the
distribution of protons indicated in Figure 5.2b. This leads to a diffusive flow of protons
towards the accumulation layer, where they convert back into holes, leading to an increase
of Isd , until a maximum is reached; see Figure 5.2c. Subsequently, the flow of protons
reverses sign again; protons diffuse into the oxide and Isd continues to decrease; see
Figure 5.2d. Clearly, with this mechanism the hole density in the accumulation layer
alone is not enough to describe the ”state” of the device. This is demonstrated by the
situations depicted in Figures 5.2b and d, for which the hole densities are the same,
whereas the future development of the device behavior is different.

5.3

Quantitative description

The proposed mechanism is studied quantitatively by numerically solving the driftdiffusion equation for the motion of protons in the oxide:
∂H(x, t)
∂
=−
∂t
∂x



∂H(x, t)
µpr H(x, t)E (x, t) − D
∂x


,

(5.2)
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Figure 5.2: Schematic description of the hole concentration in the accumulation layer of the
semiconductor (grey bars) and the proton concentration in the oxide (solid black lines) at different
times, for the anomalous current transient. The scales for both concentrations are chosen such
that the bars and lines exactly meet at the interface. The horizonal arrows indicate the proton
flux. (a) Applying a gate bias Vg ,0 creates a monotonically decreasing concentration of protons
in the oxide. There is a proton flux into the oxide and the source-drain current decreases with
time. (b) Immediately after switching to a less negative gate voltage Vg ,1 at time t1 the proton
concentration at the interface decreases. Excess protons in the bulk of the oxide diffuse back
towards the interface, leading to an increasing current. (c) At a certain time tmax , the flux of
protons is zero and the current is maximal. (d) The proton flux is again directed into the oxide.
The source-drain current continues to decrease with time.

where H(x, t) is the time-dependent volume concentration of protons in the oxide at a
distance x from the interface with the semiconductor, and µpr and D refer to the mobility
and diffusion coefficient of protons in the oxide, respectively. µpr and D are related by
Einstein’s equation µpr = eD/kB T , with e the elementary charge and kB Boltzmann’s
constant. E (x, t) is the electric field in the oxide, which is calculated using Poisson’s
equation. Assuming that protons do not reach the gate electrode during the stressing
period and imposing the boundary condition Equation 5.1, H(x, t) can be calculated and
from that the threshold voltage:
e
Vth (t) =
Cox

Z
0

Lox 

x
1−
Lox


H(x, t) dx,

(5.3)
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where Lox and Cox refer to the thickness and the capacitance per unit area of the oxide,
respectively.
First the model is applied by fitting the predicted Vth (t) to the experimentally measured threshold voltage shift in a standard bias stress experiment on the transistor; see
Figure 5.3b. An excellent fit is obtained with λ = 2.2 nm−1 and a proton diffusion coefa
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Figure 5.3: (a) Drain current, measured at a drain bias of -3 V, as a function of the applied
gate bias. The transfer curves were measured after stressing the device for increasing time. The
gate bias during stressing was -20 V (b) Symbols: experimental threshold voltage shift ∆Vth (t)
vs. time t, determined by extrapolating the linear part of the transfer curves at various times
(inset, VSD = −3 V) to the voltage axis. Dashed line: fit to a stretched-exponential function
∆Vth (t) = V0 (1 − exp[−(t/τ )β ]) with β = 0.43, τ = 104 s, and V0 = 19 V. Upper solid black
line: fit to drift-diffusion model, with λ = 2.2 nm−1 and D = 1.6 · 10−19 cm2 /s. Lower solid
black line: the same, but with the drift contribution neglected.

ficient D = 1.6 · 10−19 cm2 /s. With these values at the end of stressing at t ≈ 4 · 105 s
the penetration depth of protons into the oxide is about 30 nm, i.e. much smaller than
the oxide thickness Lox = 200 nm. For times up to t ≈ 104 s the proton concentration
gradient is large and it is sufficient to only take into account the diffusion contribution
to the motion of the protons (thin black line in Figure 5.3). This means that diffusion
is the dominant transport mechanism for protons in the time regime of the anomalous
current transients, which underpins the mechanism sketched in Figure 5.2. In Figure 5.4
the above value for µpr and D are used in the comparison of the experimentally determined anomalous transients Isd (upper curves) to the model results (lower curves). The
initial gate bias is always Vg ,0 = −20 V. In Figure 5.4a this bias is applied for a fixed
time t1 = 900 s, after which the bias is switched to Vg ,1 , taking three different values
for Vg ,1 . In Figure 5.4b the final bias Vg ,1 = -10 V after switching is kept fixed, but
three different values for the switching time t1 are taken. Different scales (bars, equal for
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Figure 5.4: Upper (black) curves: measured source-drain current Isd as a function of time t − t1
after switching (VSD = -3 V). The initial gate bias is Vg ,0 = -20 V. Lower (grey) curves: model
predictions using µpr and D as obtained in Figure 5.3. Vertical dashed lines: time tmax for
which the model predicts maximal current. Bars: current scale. Different scales (bars, equal
for experiment and model) are used in each plot. (a) Constant switching time t1 = 900 s and
varying gate bias Vg ,1 after switching: -7, -10, and -12 V (left to right). (b) Constant Vg ,1 =
-10 V and varying t1 : 300, 900, and 1800 s.
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experiment and model) are used in each plot. The model prediction of the times tmax at
which the maxima in the curves occurs is excellent. This excellent agreement, obtained
without introducing any other parameter, can be considered as very strong evidence for
the proposed mechanism.
In Figure 5.4 the transfer curves, as shown in Figure 5.3a, are used to translate the
predictions for Vth (t) to predictions for Isd (t). This procedure inevitably introduces some
errors. The slope of the transfer curves in the linear regime decreases with time, meaning
that the mobility of the holes decreases. The decrease of the mobility can be attributed to
scattering of holes by the Coulomb field of the protons in the oxide. This scattering will
depend both on the number of protons and on their penetration depth in the oxide. This
means that the transfer curves are not only determined by Vth , but also by the profile of
the protons in the oxide. This introduces a slight error in the approach. Deviations from
the model can also be expected when the difference between Vg and Vth (t) becomes close
to VSD = −3 V. Although both issues could have an influence on a possible offset and on
the final decay of Isd , neither of them is expected to have a large influence on the time
tmax where the maximum in the transient current appears. Therefore, the quantitative
predictions of this time are considered to be reliable.
According to the model the energy of the HOMO (highest occupied molecular orbital)
of the organic semiconductor should influence the speed at which the bias stress effect
occurs. An increase of the HOMO energy should facilitate the hole-assisted electrolytic
production of protons, increasing λ in Equation 5.1 and hence the speed of the bias
stress effect. When the relaxation time τ of the bias stress effect of OFETs of several
conjugated polymers is compared with their HOMO energies, this dependence on the
HOMO is evident (see Table 2.1 in Chapter 2). 9 For poly-3-hexylthiophene (P3HT),
PTAA, poly-thienylene-vinylene (PTV), and F8T2, the values of τ are 4 · 107 , 1 · 107 ,
6 · 104 , and 1.5 · 104 s, and the HOMO energies are 4.9, 5.1, 5.2, and 5.5±0.1 eV,
respectively. Hence, the predicted trend is followed, which is a further confirmation of
the model.

5.4

Recovery

The model can also explain recovery. On grounding the gate electrode of an OFET
that has been exposed to a prolonged gate bias, the proton density in the oxide at the
interface with the semiconductor is forced to be zero (Equation 5.1). With time all
protons in the oxide will diffuse back towards the interface, where they convert back into
holes, which migrate towards the drain and source electrodes. Obviously, this process
occurs on a similar time scale. Hence, the model can explain not only the anomalous
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current transients, but also hitherto unexplained aspects of the bias stress effect, including
the reversibility of the effect on a similar time scale, the activation energy, the influence
of water, and the influence of the HOMO energy of the semiconductor.

5.5

Conclusion

In conclusion, an anomalous effect occurring in the transient currents of a p-type
OFET under application of a dynamic gate bias is presented. If the gate bias is abruptly
stepped down, an initial increase of the transistor current is observed, instead of the
expected further decrease. A unifying model involving exchange of holes in the semiconductor with protons in the gate dielectric in an electrolytic reaction involving water is
developed. This model can explain in detail the observed anomalous transients as well
as hitherto unexplained aspects of the bias stress effect in these transistors.
The gate bias stress effect is strongly influenced by the amount of water at the
dielectric-semiconductor interface. To mitigate the threshold voltage shifts a layer of
HMDS is usually self-assembled onto the gate dielectric. Intriguingly, the gate bias
stress effect is strongly reduced by introducing the self-assembled monolayer (SAM).
In the remainder of this thesis self-assembly is studied as a tool to improve the device
performance in organic electronics. First the formation of a self-assembled dipole layer
will be studied in the next chapter. In subsequent chapters the complete semiconductor
will be replaced by a SAM.
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6

Fabrication of patterned, microcontact printed self-assembled monolayers that change
the local work function, and modify the local light emission in organic light-emitting
diodes (OLEDs) is described. Scanning probe techniques are used to visualize the monolayers and the impact on the work function is quantified. Light-emitting devices are
produced showing negative or positive images depending on the orientation of the dipole
moment of the printed molecule. The spatial pattern of the OLED emission is dominated
by a single molecular layer.
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Chapter 6. Manipulating the local light emission in OLEDs using patterned SAMs
In organic light-emitting diodes (OLEDs), interface dipoles play an important role in

the process of charge injection from the metallic electrode into the active organic layer. 1,2
An oriented dipole layer changes the effective work function of the electrode due to its
internal electric field. The differences between the work functions of the electrodes and
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the light-emitting polymer determine the injection barriers, the electron/hole
current balance and light emission of an OLED. 3 Therefore, the local light emission can
be enhanced or suppressed by changing the work function on a local scale. This control
of the local emission is ideally suited for OLED-based signage applications for instance.
In this chapter patterned, microcontact printed (µCP) self-assembled monolayers
(SAMs), with opposite dipole moments are used to change the local work function.
This local work function change is analyzed using scanning Kelvin probe microscopy
(SKPM). OLEDs with SAM-modified anodes were fabricated and the light emission was
measured. Combining the SKPM measurements with optical micrograph images of the
patterned OLEDs, a direct correlation between the local work function and light emission
is demonstrated.

6.1

Printing monolayers

Patterned self-assembled monolayers were obtained using a polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning) stamp. 4 The PDMS was poured on a pre-patterned
mold and baked at 65 ◦ C. The stamps were put in a 2 mM ethanol solution of either 1-octadecanethiol (C18 H37 SH) or 2 mM 13,13,14,14,15,15,16,16,16-nonafluoro-1hexadecanethiol (C4 F9 C12 H24 SH) for one hour. Then, the stamps were rinsed with
ethanol and blown dry with nitrogen.

The stamp, soaked with solution, was then

pressed on the gold electrode for 20 seconds, resulting in a patterned monolayer of
either C18 H37 SH (CH3 -SAM) or C4 F9 C12 H24 SH (F-SAM), which are expected to have
an opposite dipole moment.
A single dipole layer on a metal, as provided by the stamped SAM, can be modeled
by two parallel sheets of charge Q separated by a distance d. The change in metal work
function due to this dipole layer follows from classical electrostatics:
∆φ =

Qd
σd
qd
µ⊥
=
=N
= −N
,
A0 SAM
0 SAM
0 SAM
0 SAM

(6.1)

in which SAM corresponds to the permittivity of the dipole layer, 0 the vacuum permittivity, σ the charge per unit of area A, N the number of molecules per unit area
and µ⊥ the component of the dipole moment normal to the surface. 5 N is commonly

6.2. Probing the local work function

83

known as the grafting density. A chemisorbed SAM on a metal is usually described by a
superposition of two dipoles; one originating from the metal-sulfur (M-S) charge transfer
interaction µM−S and one intrinsic to the molecule µ⊥,SAM . 6,7 According to recent density functional theory (DFT) calculations, the contribution to the total dipole moment
of µM−S is much smaller than µ⊥,SAM and therefore µM−S can be disregarded. 8–10 The
magnitude of the dipole moment is mainly determined by the adsorbed molecule itself.
Under this assumption, the change in surface potential, and therefore the change in work
function of the electrode (χelectrode ), can then be determined using: 11,12
∆V = −∆χelectrode = −N

6.2

µ⊥
.
0 SAM

(6.2)

Probing the local work function

The topography and work function of the patterned monolayers were measured using
scanning Kelvin probe microscopy. 13–15 First a height profile was recorded with tapping
mode AFM, followed by a second pass in which the work function was measured at a
lift height of 25 nm above the surface. The work function is obtained by nullifying the
frequency (ω) component of the electrostatic force (Fω ) on the tip: Fω = ∂C /∂z[(∆χ −
Vdc )Vac sin(ωt)], in which C is the capacitance between tip and sample, z the distance of
the tip to the sample surface and Vac is the amplitude of the applied AC voltage signal.
When the potential applied to the tip (Vdc ) is equal to the work function difference
between the tip and the sample surface, ∆χ = χtip − χsample , the electrostatic force is
zero. Therefore, the work function between the tip and sample can be deduced directly
from the applied potential on the tip, using Vdc = ∆χ. 13 In this way, the local work
function of both the printed monolayer and the surrounding gold were measured with the
untreated gold acting as an internal reference.
The height profiles of the microcontact printed self-assembled monolayers of
C18 H37 SH and C4 F9 C12 H24 SH are presented in Figure 6.1a and b, respectively. From
the topography a mean height difference of approximately 2 nm between the covered and
uncovered regions for both molecules is deduced. These heights are, within experimental
accuracy, in agreement with the length of the molecules. The simultaneously measured
potential profiles are presented in Figure 6.1c and d. A direct correlation between the
height and potential profile is observed due to the local change in surface potential
caused by the dipole moments of the printed molecules. In Figure 6.1e curves A and B
are cross-sections of the potential profiles for the C4 F9 C12 H24 SH and C18 H37 SH mono-
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Figure 6.1: (a) and (b) The topography of microcontact printed C4 F9 C12 H24 SH and C18 H37 SH,
respectively. The area of the pictures are 25 × 25 µm2 , the height scale is 15 nm. (c) and (d)
The surface potential belonging to the topography of (a) and (b), respectively. (e) Cross-section
of the surface potentials for the microcontact printed F-SAM and CH3 -SAM on Au. The right
curve is the surface potential of the printed F-SAM after immersing it in a solution of C18 H37 SH
in ethanol.

layers. A change in surface potential of -0.3 V and 0.5 V is obtained for the F-SAM and
CH3 -SAM covered regions, respectively. The work function change is calculated using
χSAM − χAu = VAu − VSAM in which χ is the work function and V the measured surface
potential of either the Au or the SAM region (indicated by the subscript). 12 This implies
that the effective work function of Au is changed from 4.9 eV to 5.2 eV and 4.4 eV in
the case of the F-SAM and CH3 -SAM.
As argued above, the expected work function change can be calculated using only the
contribution of µ⊥,SAM . The C18 -alkanethiol has a calculated dipole moment along the
surface normal of 1.5 D. The fluorinated alkanethiol on the other hand has a calculated
dipole moment along the surface normal of -1.4 D. 16 Taking reported grafting densities of
4.6·1018 m−2 and 3.4·1018 m−2 and dielectric constants of 2.5 and 2.1 for the CH3 -SAM
and F-SAM on gold, 10 an expected surface potential change of 1.0 V and -0.85 V can
be calculated with equation 6.1 for the CH3 -SAM and F-SAM on gold. The measured
changes in surface potential of the printed molecules of 0.5 V and -0.3 V for the CH3 SAM and F-SAM are smaller than the calculated changes in surface potential and also
smaller than surface potential changes obtained using monolayer formation from solution,
which are 0.8 V and -0.6 V for the CH3 -SAM and F-SAM. 12 The printed monolayer is
not anticipated to be perfectly dense or aligned and therefore lower values for the surface
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potential change can be expected. In addition, due to the capacitive coupling between
the AFM probe and the substrate, the measured surface potential difference should be
regarded as a lower limit. 17
To increase the local contrast in patterned OLEDs, first the F-SAM was printed.
Then the substrate with the printed F-SAM was immersed in a 2 mM ethanol solution of
C18 H37 SH for 1 minute. In this way a contrast in work function as large as 0.8 eV (Figure 6.1e, curve C) was obtained. This is in agreement with the sum of the work functions
for the separate molecules printed on gold and suggests that the printed self-assembled
monolayer does not dissolve into the solution. The concept of changing the work function
of the electrode, allows the change of injection barrier of an OLED by changing the anode
work function using a SAM. By patterning the SAMs, patterned OLEDs with enhanced
(or reduced) light emission can be easily fabricated. This straightforward fabrication
method has the additional advantage that it does not require the use of expensive and
time-consuming lithography.
C

Figure 6.2: Optical micrograph of a light-emitting diode with a patterned anode using a printed
self-assembled monolayer consisting of a CH3 -SAM (a) and a F-SAM (b). The squares on the
pictures are 10 × 10µm2 . (c) Photograph of a 1 × 1 cm2 OLED, which is patterned using the
CH3 -SAM.

6.3

Patterned organic light-emitting diodes

In Figure 6.2a and b optical micrograph pictures of patterned OLEDs are presented
based on printed CH3 -SAMs and F-SAMs. Both consist of 100 nm Al / 5 nm Ba /
80 nm OC1 C10 -PPV / SAM / 20 nm Au. The thickness of the light-emitting polymer is
not affected by the presence of the self-assembled monolayer. In Figure 6.2a, the small
squares were printed using a CH3 -SAM and a negative image is obtained. In Figure 6.2b,
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the same squares were printed with a F-SAM, creating a positive image. The squares are
10 × 10 µm2 . In the case of the CH3 -SAM, the printed area is dark; in case of the F-SAM
the printed area is bright. These observations are in agreement with the direction of the
dipole moment and the change in work function corresponding to this dipole orientation.
Note that the devices based on the F-SAMs can only produce a patterned light emission
because of the presence of an injection barrier for holes at the pristine gold / OC1 C10 PPV interface (see Figure 6.3b). A photograph of a 1×1 cm2 OLED, which is patterned
by a CH3 -SAM is presented in Figure 6.2c.
To study the charge transport, OLEDs were made consisting of gold anodes that were
completely covered with a CH3 -SAM, a F-SAM and OLEDs without SAM. The current as
a function of voltage for the three devices is plotted in Figure 6.3. The current in the FSAM device exceeds the current of the device without SAM. In the device with CH3 -SAM
the current is reduced. A band diagram of the OLED is presented in Figure 6.3b. On
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Figure 6.3: (a) Current as a function of voltage for three OLEDs with a CH3 -SAM (squares),
a F-SAM (circles) and without SAM (triangles) on the gold electrode. (b) Band diagram of
an OLED consisting of a Ba/Al cathode, an OC1 C10 -PPV organic layer and an Au anode. The
(local) work function of the anode can be altered with a self-assembled monolayer to in- or
decrease the barrier for hole injection. The right hand side of the picture shows a schematic
representation of the orientation of the dipole for the F-SAM and CH3 -SAM on Au.

the left and right hand side, the Ba/Al and the gold electrodes are shown, respectively.
A layer of OC1 C10 -PPV is sandwiched in between. The F-SAM improves the injection
of holes because the barrier between gold contact and the OC1 C10 -PPV is reduced. The
CH3 -SAM on the other hand increases the energy level of the Au electrode with respect
to the polymer HOMO level and therefore hampers the hole injection. So, by changing
the work function, the injection barrier is changed and therefore the current balance in
the diode. It is noted that an anomaly at low voltages can be observed. This anomaly
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in the current has been observed more frequently in OLEDs and OLED-based memory
devices. 18,19 The origin of the anomaly is still unclear, but by increasing the OC1 C10 -PPV
thickness it can be eliminated.

6.4

Conclusion

In summary, patterned organic light-emitting diodes were fabricated by a simple microcontact printing technique. Two molecules with opposing dipole directions were used.
The molecules orient themselves on gold and therefore change the local work function.
The difference in work function is quantified with scanning Kelvin probe microscopy and,
by applying a monolayer of these molecules on the anode of a light-emitting diode, the
local hole injection is controlled, resulting in a direct handle on the local light emission.
The work function can be modulated with a resolution smaller than 100 nm, allowing
a straightforward and low-cost fabrication process for structuring OLEDs on nanometer
length scales.
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7

In previous chapters self-assembled monolayers were used as passive components in
opto-electronic devices; either to modify the work function of the electrodes or to generate
a hydrophobic gate dielectric. In this chapter the entire semiconductor is replaced by a
SAM, making the step from passive to an active use of SAMs in organic electronics. The
realization of reliable and reproducible SAMFETs is presented. Crucial is the formation of
a densely packed fully covered SAM with long-range intermolecular π-π-coupling between
the molecules, achieved by using liquid crystalline molecules. It is shown that the mobility
depends exponentially on the channel length when the monolayer is incomplete, and this
dependence is explained both numerically and analytically. SAMFETs are combined into
logic gates as inverters and integrated circuits in which over 300 SAMFETs are addressed
simultaneously.
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Chapter 7. Self-assembled monolayer field-effect transistors and circuits
Self-assembly, the autonomous organisation of components into patterns and struc-

tures without human intervention, 1 is the ultimate technology for mass production of
organic electronics. Making integrated circuits by a bottom-up approach using selfassembling molecules was already proposed in the 1970s. 2 The basic building block of
such an integrated circuit is the SAMFET, a field-effect transistor where the semiconductor is a monolayer spontaneously formed on the gate dielectric.
The fabrication of SAMFETs has been attempted by several groups. In SAMFETs
fabricated so far current modulation was only observed in submicron channels, and no
current was measured using longer channels. 3–5 The lack of efficient charge transport
was due to defects and the limited intermolecular π-π-coupling between the molecules
in the self-assembled monolayers. The low field-effect mobility, low yield and poor reproducibility have prohibited the realization of bottom-up integrated circuits. In this
chapter SAMFETs are demonstrated with long-range intermolecular π-π-coupling in the
monolayer.
In a monolayer transistor the semiconductor consists of only a single sheet of molecules.
The layer thickness is comparable to that of the accumulation layer. The electrical transport is then by definition two-dimensional. In that case, any structural imperfection
such as voids or grain boundaries leads to potential barriers and, hence, to a deteriorated charge-carrier mobility. 3,4 Dense packing was achieved by using liquid crystalline
molecules consisting of a π-conjugated mesogenic core separated by a long aliphatic chain
from a mono-functionalised anchor group. The SAMFETs exhibit a bulk-like mobility,
large current modulation and high reproducibility. As a first step towards functional circuits the SAMFETs were combined into logic gates as inverters. The small parameter
spread allowed for combination into inverters and ring oscillators. Real logic functionality
is finally demonstrated by the realization of a 15-bit code generator in which hundreds of
SAMFETs are addressed simultaneously. Bridging the gap from discrete monolayer transistors towards a functional self-assembled integrated circuit puts bottom-up electronics
in a new perspective.
Up to now, systems investigated were functionalized acenes on Al2 O3 , 4 hexabenzocoronene on SiO2 , 3 and oligothiophenes with a functionalized short aliphatic linker on
Al2 O3 and SiO2 . 5 Electrical transport was measured as a function of channel length.
No current was measured when using long channels. Current modulation due to the
field-effect was only observed in submicron channels. The accumulation layer could not
be pinched off, and there was limited current saturation. Moreover, the mobility and the
yields were low and the reproducibility poor. The lack of efficient charge transport was
due to the presence of defects and to the limited intermolecular π-π-coupling between
the molecules in the self-assembled monolayers. A prerequisite for functional SAMFETs

7.1. Design of the self-assembling molecule
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is a dense and ordered semiconducting monolayer.

7.1

Design of the self-assembling molecule

In a SAMFET the monolayer is formed on the gate dielectric, in this chapter atomically flat amorphous SiO2 is used. Usually tri-chlorosilanes or tri-alkoxysilanes are used
as anchoring groups. A SAM can be formed by a condensation reaction with hydroxyl
groups on the hydrolysed SiO2 surface. However, by using that approach, defects are
formed due to uncontrolled self-condensation, prohibiting long-range order. 6 In order to
prevent these defects, monofunctional anchoring groups are crucial. Dimers formed upon
self-condensation do not interfere with the SAM formation on the gate dielectric. In
this chapter, α-substituted quinquethiophene was used as the core of the semiconducting
molecule for several reasons. Firstly, these oligothiophenes have several orders of magnitude higher charge-carrier mobility than the corresponding β-substituted molecules. 7
Secondly, the mobility increases with the number of thiophene units. 8 However, the solubility then significantly decreases hampering processability. As a result, quinquethiophene
is a good compromise between solubility and charge-carrier mobility. The semiconducting
core was (α, ω)-functionalized with aliphatic chains. This spacer concept originates from
liquid crystals, from which it is well known that the aliphatic chain helps anisotropic
ordering of rod-like mesogenic groups. 9–11 An undecane spacer between the thiophene
core and the anchoring group was used. The conformational degree of freedom allows
the molecule to self-assemble and optimize its π-π-stacking. For stability and solubility
reasons an ethane chain was attached to the other side. The chemical structure is presented in Figure 7.1a. The semiconductor is a mixture of the functionalized compound
and an inactive impurity that cannot bind to the SiO2 gate dielectric. The unfunctionalized part of the mixture can stack into the monolayer via the π-π-interaction between
the molecules and its chemical structure is presented in Figure 7.1b.

a
Cl

b

Si

S

S

S

S

S

S

S

S
S

S

Figure 7.1: Chemical formulae of (a) the self-assembling molecule and (b) the impurity.

Discrete SAMFETs were fabricated on heavily doped silicon wafers, acting as common
gate, with 200 nm thermally grown SiO2 . Gold source and drain contacts were fabricated
using conventional photolithographic methods. Titanium was used as an adhesion layer.
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The necessary use of the titanium layer can inhibit injection. Because Ti is a relatively low
work function metal, a Schottky-type contact is expected. To prevent injection limited
contacts, the electrodes were deliberately under-etched.
The critical region where the SAM meets the edges of the electrode was imaged on a
cross section of the SAMFET with transmission electron microscopy (TEM). Figure 7.2a

Figure 7.2: (a) Bright field TEM image of the edge of a SAMFET electrode. The chemical
composition of the layers is indicated. The image shows that the gold electrode is under-etched
by about half a micron. The arrow points to the end of the titanium adhesion layer. (b)
A carbon and aluminum image constructed from energy filtered TEM measurements. Carbon
signal is presented in light grey. The carbon image shows that the molecules are confined into
a thin layer.

shows from bottom to top the silicon gate, the SiO2 gate dielectric, a part of the titanium
layer, and the gold electrode. The top of the picture shows the protecting aluminum and
platinum layers. The gold electrode is under-etched by about half a micron. The titanium
layer at the edge of the contact is dissolved by the HNO3 /HF etchant. The arrow points
to the end of the residual titanium. The gold electrode is collapsed and makes contact
with the SiO2 .
The SiO2 surface was subsequently activated by an oxygen plasma treatment followed
by acid hydrolysis. The SAM was formed upon submerging the substrate into a dry
toluene solution of the semiconducting molecule. After the monolayer formation, the
substrate was thoroughly rinsed and dried.
The spatial resolution of TEM is insufficient to resolve the SAM. To that end energy filtered TEM was used to visualize the edge of the electrode after SAM formation.
Two images were taken, one selective for carbon and one for aluminum. Figure 7.2b

7.2. Ordered SAMs
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Figure 7.3: (a) Topography of the self-assembled monolayer (image size = 30 × 30µm2 ). On
the top right of the image a void is present. A cross-section along the void is depicted in (b).
The thickness of the SAM is 3-4 nm.

shows the combined map in which carbon is presented in light grey. The carbon content is concentrated at the dielectric interface. The presence of carbon is a fingerprint
of the self-assembling molecules. The carbon signal extends below the under-etched
gold electrode, which indicates that the SAM is also formed underneath the electrode
creating an intimate electrical contact. To unequivocally assign the carbon signal to
the self-assembling molecules the carbon and sulphur content was measured with energy
dispersive X-ray spectroscopy. Along a cross section at the semiconductor-dielectric interface the sulphur profile coincided with the carbon profile, unambiguously linking the
carbon signal to the SAM. Therefore, it can be concluded that despite the use of the
titanium adhesion layer, the charge injection occurs through the gold contact, directly
into the SAM.
The SAMs were probed by atomic force microscopy (AFM). The topography of a
30 × 30µm2 is presented in Figure 7.3a. The AFM measurements showed a smooth
continuous layer. The top right of the image shows a void in the monolayer. The crosssection along this void, as presented in Figure 7.3b, reveals a thickness of around 3.5 nm
corresponding to the calculated length of the molecule.

7.2

Ordered SAMs

A prerequisite to transport charges in self-assembled monolayers is long-range order.
The in-plane order was determined from grazing incidence diffraction measurements. The
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Figure 7.4: Synchrotron grazing incidence diffraction measurements showing the diffracted
intensity as a function of in-plane scattering vector, qxy . The inset shows the presence of
Bragg rods at in-plane scattering vectors of 1.407 Å−1 , 1.635 Å−1 and 1.997 Å−1 indicative for
two-dimensional crystalline in-plane order in the self-assembled monolayer.

diffracted intensity as a function of the in-plane scattering vector, qxy , is presented in
Figure 7.4b. The inset shows the diffracted intensity perpendicular to the substrate, qz ,
as a function of in-plane scattering vector, qxy . The horizontal line at small qz is due
to diffuse scattering from the sample surface at the critical angle as first described by
Yoneda. 12 The vertical lines are the so-called Bragg rods 13 showing in-plane order in the
SAM layer. The rods are observed at scattering vectors that are indexed as the (1.1),
(0.2) and (1.2) reflections of a rectangular unit cell with lattice constants 5.49 Å and
7.69 Å. The peak indices and unit cell dimensions are in agreement with a unit cell
that contains two molecules packed in a herringbone motive as commonly observed for
oligothiophenes. 14 The occurrence of Bragg rods is due to the absence of periodicity
perpendicular to the ordered layer. This indicates that our SAM layer is a dense smooth
monolayer.

7.3

Discrete self-assembled monolayer field-effect transistors

Having established the order in the SAM, the electrical transport properties were
characterized. Before the measurements the SAMFETs were annealed in a dynamic
vacuum at 130 ◦ C for one hour to remove residual water and solvents. A typical transfer
characteristic for a ring transistor with a channel length of 40 µm and a channel width of
1000 µm is presented in Figure 7.5a. The p-type SAMFET shows hardly any hysteresis.
The linear and saturated mobility amounts to 0.04 cm2 /Vs. The mobility is thermally
activated with an activation energy of about 80 meV. The mobility is comparable to
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Figure 7.5: (a) Linear and saturated transfer characteristics of a SAMFET with a channel length
of 40 µm and a channel width of 1000 µm, using drain biases of -2 and -20 V, respectively.
The inset shows the linear mobility as a function of channel length. An increase in mobility
from 0.01 to 0.04 cm2 /Vs is observed for long channel length b) Output characteristics for the
corresponding SAMFET. The gate voltage was varied from -5 V to -20 V in steps of -5 V.

that obtained from quinquethiophene single crystalline thin film transistors. 8,16,17 This is
remarkable considering that the charge transport in the SAMFET occurs through a single
layer of a few nanometers. The transfer curve shows a current modulation of 7 decades.
The inset of Figure 7.5a shows the mobility as function of channel length. The
extracted device mobility increases with channel length from 0.01 to 0.04 cm2 /Vs for
a 40 µm channel. For a homogeneous semiconductor the charge-carrier mobility does
not depend on channel length. In the actual self-assembled monolayer transistors the
extracted device mobility increases with channel length due to the occurrence of a small
contact resistance. In an inhomogeneous semiconductor where the charge transport is
dominated by defects such as islands and grain boundaries, the extracted device mobility
decreases with channel length. The scaling in the inset of Figure 7.5a shows that the
transport is not defect-limited but homogeneous through the SAM.
Self-assembled monolayer transistors traditionally showed inverse scaling, i.e. a device mobility that decreases dramatically with increasing channel length. Only submicron
channels showed a gate dependent source-drain current, while the mobility in longer channels was negligible. 5 Here, however, SAMFETs were demonstrated where the extracted
device mobility is virtually independent of the channel length. To elucidate this contradiction in the scaling of the mobility, SAMFETs were fabricated with varying monolayer
coverage and channel lengths. By assuring both proper charge-carrier injection and an
ordered SAM microstructure, this system allows for systematically probing the charge
transport in a 2D percolating semiconductor network. For submonolayer coverage, the
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inverse scaling behavior, as reported previously for SAMFETs, is reproduced and can be
accounted for by numerical and analytical percolation models.

7.4

Preparation of partially covered SAMFETs

SAMFETs with varying coverage were prepared as described above but the coverage
of the SAM was varied deliberately by changing the immersion time in the solution from
15 min. to 30 min., 1 hour and 15 hours.
Typical topography images of 20 × 20 µm2 are shown in Figure 7.6a-d. Clearly, the

Figure 7.6: Typical topography images of 20 × 20 µm2 of partially covered SAMFETs as
measured with an atomic force microscope. The immersion time was varied between 15 min.,
30 min., 1 hour and 15.5 hours for (a), (b), (c) and (d) respectively. The coverage was obtained
as average values over 6 measurements and amounted to (0.05 ± 0.05), (0.31 ± 0.08), (0.5 ±
0.1) and 1 respectively. The inset shows the chemical structure of the self-assembling molecule.

SAM grows in islands. The coverage amounts to (0.05 ± 0.05), (0.31 ± 0.08), (0.5
± 0.1) and 1 respectively. The height difference in the topography is around 3.5 nm,

7.5. Order in partially covered SAMs
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in agreement with the calculated length of the molecule. A small fraction of bilayers is
observed, most likely due to the formation of dimers in solution.

7.5

Order in partially covered SAMs

Self-assembled monolayers of alkanethiols on gold grow dynamically and a perfectly
ordered SAM is only obtained when the coverage is close to 100%. 15 In contrast to the
alkanethiol monolayer formation on gold, silane SAMs on SiO2 are far less reversible and
grow via islands. 6 Here, the self-assembling molecule consists of an aliphatic chain and a
thiophene core each having the possibility to drive the self-assembly. To obtain efficient
charge transport, the thiophene units should be long-range ordered. The microstructure of the partially covered SAMs was determined from grazing incidence diffraction
measurements. The diffracted intensity is presented in Figure 7.7 as a function of perpendicular and in-plane scattering vectors, qz and qxy . Again the Bragg rods are directly

Figure 7.7: Diffraction pattern from a partially covered SAM obtained with grazing-incidence
X-ray diffraction measurements. The diffracted intensity is presented as a function of the outof-plane and in-plane scattering vector qz and qxy , respectively. The Bragg rods at in-plane
scattering vectors of 1.393, 1.605 and 1.968 Å indicate an in-plane crystalline order within the
islands of the incomplete SAM. The rods can be indexed as the (1.1), (0.2) and (1.2) reflections
of a rectangular unit cell with lattice constants of 5.49 Å and 7.83 Å, demonstrating order in
the partially covered SAM.

visible, the rod shape arrives from the absence of periodicity perpendicular to the islands.
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The grazing incidence diffraction measurements show that the SAM grows in long-range
ordered, crystalline islands. For efficient charge transport within the monolayer not only
long-range order but also long-range connectivity is required.

7.6

Electrical connectivity

Above it was shown that the SAM islands grow in an ordered crystalline fashion.
Electrical connectivity however cannot be inferred from the X-ray measurements. Scanning Kelvin probe microscopy measurements on partially covered SAMFETs is used to
investigate the local electrical properties of the SAMFETs.
The topography of a partially covered SAMFET is presented in Figure 7.8a. The image shows islands of self-assembled molecules in between the electrodes. Some islands are
connected to the electrodes while others are not. The local potentials were determined
using SKPM with grounded electrodes and -3 V on the gate. The spatially resolved potential map is presented in Figure 7.8b. Comparing the topography to the corresponding
potential shows that the islands connected to one of the electrodes exhibit the electrode
potential, viz. 0 V. The gate field is shielded by accumulated holes that are injected
from the adjacent electrode. In islands that are electrically separated from the electrodes
the gate bias cannot be compensated and the measured potential is basically the gate
potential. Consequently, there is no contrast between the disconnected islands and the
bare SiO2 gate dielectric. Therefore islands, or clusters of islands, only contribute to the
total device current when they are part of a percolating path connecting both electrodes.
Obstructions in the electrical transport appear as steps in the local electrostatic potential. 18 To observe electrical barriers, a current has to flow. To confirm the absence
of detrimental barriers at grain boundaries, the surface potential was obtained in fully
covered SAMFETs, as shown in Figure 7.8c. The gate bias is fixed at -5 V and the drain
bias varied between 0 V and -10 V. The shape evolution is identical to that measured for
bulk thin film transistors. A detailed interpretation of SKPM data on bulk TFTs has been
presented elsewhere. 19 Here only the smoothness of the potential is of importance. The
absence of steps indicates that the SAM is homogeneously conductive. Imperfections
as grain boundaries or voids could not be identified. Hence, the electrical connection in
between grains, with possibly different crystallographic orientations, is perfect. Even at
the contacts the surface potential is smooth, indicating that the contact resistance is
small. 18
Having established an insignificant contact resistance and that grain boundaries have
a negligible effect on the conductivity, it is now possible to describe the charge transport
through partially covered films. For incomplete monolayer transistors current can only

7.6. Electrical connectivity

S u r fa c e p o te n tia l ( V )

c

99

0

0 V
-1 V

-2

-2 V

-4

-4 V

-3 V

-5 V
-6 V

-6

-7 V

-8

-8 V

-1 0

-1 0 V
D r a in

-9 V
S o u rc e

0

5

1 0

1 5

2 0

2 5

3 0

P o s i t i o n ( µm )
Figure 7.8: (a) Topography of a partially covered SAMFET measured with AFM. The white
regions on the left and right are the Au electrodes. The channel length was 5 µm. (b) The
corresponding surface potential map using SKPM. The gate bias was set at -3 V and the source
and drain electrodes were grounded. (c) Surface potential profiles as measured for a fully covered
SAMFET. The profiles were obtained at a drain bias ranging from 0 V to -10 V in steps of -1 V
with a gate bias of -5 V. The potential profile as measured with the source and drain electrode
grounded has been subtracted from all profiles. No additional transformations have been applied.

be measured when a percolating path is present between source and drain electrode.
The existence of such a path does not only depend on the coverage but also on the
channel length. For a given coverage, the probability for the existence of a percolating
path increases with decreasing channel length. Therefore, for intermediate coverage, the
effective device mobility is expected to be a function of both coverage and channel length.
This scaling relation has not yet been addressed.
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7.7

Extracted device mobility as a function of channel length

Typical transfer characteristics where the drain current is plotted as a function of gate
bias in the linear and saturated regime are presented in Figures 7.9a-d for a partially and
fully covered SAMFET. The channel length, L, was varied between 1 µm and 40 µm.
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Figure 7.9: Transfer characteristics of SAMFETs, where the drain current at a drain bias of -2 V
is presented as a function of gate bias in (a) and (b) for a partially and fully covered SAMFET
respectively. (c) and (d) show the drain currents at a drain bias of -20 V. The channel length, L,
was varied between 1 µm and 40 µm. Partially covered SAMFETs with channel lengths larger
than 7.5 µm do not show any drain current at all.

From the transfer characteristics in Figure 7.9b and d it can be inferred that the current in
the fully covered SAMFET is approximately inversely proportional to the channel length,
i.e. classic Ohmic behaviour. 20 In striking contrast, Figures 7.9a and c show inverse
scaling for partially covered SAMFETs, i.e. a huge, superlinear decrease of the drain
current with increasing channel length. Actually, transistors with channel lengths larger
than 7.5 µm do not show any drain current at all.
To quantify the channel length dependence, the device mobility was extracted in the
linear as well in the saturated region. The values were comparable. The crossed and
solid points in Figure 7.10 show the extracted linear and saturated device mobility as a
function of channel length and coverage respectively. The fully covered SAMFET shows
a mobility that hardly depends on the channel length as expected when the contact
resistances are small. 21 In the partially covered SAMFETs however, the extracted device mobility collapses with channel length. Actually, within experimental accuracy the
mobility decreases exponentially with channel length.
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the eye and set the correlation length ξ to 2, 6 and 12 µm respectively. The inset shows a
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actual simulation the channel width W is much bigger than its length L.

7.8

Resistor network

To verify the exponential dependence of the extracted device mobility as a function
of channel length, the current through an ensemble of conducting islands in a nonconductive matrix is calculated nummerically. Simulations are performed in the linear
regime on a square grid of resistors. The non-conductive matrix is described by constant,
high-Ohmic resistors. The conducting islands are incorporated by setting the resistors in
the corresponding circular areas to a low value, such that the mobility obtained for the
fully covered SAMFET reaches 0.01 cm2 /Vs. Islands are added on random positions,
allowing overlap, until the desired coverage is reached. A representative microstructure
realized with such an ensemble of discs is presented in the inset of Figure 7.10. For each
channel length a voltage is applied across the resulting grid and the total conductance
is calculated using Kirchhoff’s loop and node rules. For a given coverage and channel
length, the total conductance was averaged over more than 200 different random island
configurations. The average conductance did not depend on the value of the high Ohmic
resistors, provided that it was orders of magnitude larger than the value of the low
Ohmic resistor. Moreover, the total conductance turned out to be virtually independent
of the radius of the discs. The effective device mobility as calculated for the measured
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AFM coverage is presented in Figure 7.10 as the open symbols. A good agreement
with the experimental data is obtained. This implies that the resistivity per unit area in
the actual SAMFET is constant for all islands, independent of their size. Consequently,
the exponential scaling of the extracted device mobility with channel length has been
reproduced numerically. The agreement between simulated and extracted device mobility
as a function of channel length and coverage links the topology of the SAM to the
electrical transport measurements and quantifies the observed inverse scaling of the device
mobility.

7.9

Rationalization of the exponential scaling relation

Below, the exponential dependence is further rationalized using two approaches. The
first method is based on the connectivity function. An alternative approach incorporates
the measured morphology, when a cluster radius distribution argument is applied. Both
methodologies yield an exponential scaling of mobility with channel length.
The microstructure is described by an effective medium. 22 In this approximation the
simulated SAM is disentangled and randomly redistributed over a lattice while keeping
the coverage fixed. Points that are nearest neighbors form clusters. The probability that
two individual points separated by a distance x belong to the same cluster is then given
by the connectivity function g(x): 23


x
g (x) = exp −
,
ξ(p)

(7.1)

where the correlation length ξ is a function of the coverage, p. The functional dependence
of ξ on p has been studied in great detail, 24 but here only the exponential dependence
of g on x is important. For a fully covered SAMFET the correlation length is infinite,
and hence the connectivity function is unity. In that case, the source and drain electrode
belong the same and only cluster. The current is then given by 20
Z
Icomplete =

W

jcomplete dw ,

(7.2)

0

where jcomplete is the current density per unit length and the integration is over the channel
width, W . For an incomplete SAMFET it is conjectured that the major contribution
to the current comes from paths perpendicularly connected between source and drain
electrode. Subsequently it is assumed that the current is proportional to the connectivity
function evaluated at a distance equal to the channel length L, i.e. g (L). The current
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for the partially covered SAMFET then yields:
Z
Iincomplete =

W

jcomplete g (L) dw =
0


Z W
L
exp −
jcomplete dw =
ξ 0


L
Icomplete exp − ,
ξ

(7.3)

by which the experimentally observed dependence of I on channel length is reproduced, as
shown by the dashed lines in Figure 7.6. Moreover, Figure 7.6 shows that the extrapolated
currents at zero channel length converge to Icomplete , as expected from Equation 7.3. An
expression for the current can also be derived taking askew current paths into account.
That expression cannot be solved analytically. However, numerical evaluation yielded the
same exponential scaling behaviour as expected when the current is dominated by the
perpendicular pathways.
In the effective medium approximation, details of the microstructure are disregarded.
To account for the measured morphology a different approach based on the distribution
of cluster radii is used. The morphology of the SAMFET is composed of clusters, i.e.
ensembles of internally connected semiconducting parts. The latter are the islands shown
in Figures 7.6 and 7.8. The number of clusters with radius r is given by N(r ). Below
the percolation threshold this number is reported to depend on the radius as: 25
N(r ) ≈ exp [−r /ξ] .

(7.4)

When it is assumed that the current is proportional to the number of clusters with a
radius equal or bigger than the channel length, L, then one automatically ends up with
an exponential scaling with L.

7.10

Integrated circuits

After the description of the charge transport in partially and fully covered monolayer
films in discrete devices, the focus of the remainder of this chapter will be on fully covered
monolayers for application in electronic integrated circuits. Integration of field-effect transistors into fully functional circuits is only possible when the parameter spread is small.
Therefore, transport parameters of numerous SAMFETs were extracted. The analysis
shows reproducible values for key device parameters as mobility, threshold voltage, subthreshold slope and on-off current modulation. Typically, within each self-assembly run
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a standard deviation in the mobility of only 0.005 cm2 /Vs is found.
The small parameter spread allows combination of SAMFETs into integrated circuits.
Fabrication of logic gates and integrated circuits requires a patterned gate and vertical
interconnects. To this end a 150-mm process technology was developed based on a doped
polysilicon gate, gold electrodes, a SiO2 gate dielectric and photolithograpically defined
interconnects. Surfaces of polysilicon overgrown with thermal oxide are notoriously rough.
However, counterintuitively, it is found that the mobility of the SAMFET is remarkably
insensitive to the interface roughness. Circuits were fabricated by self-assembling the
semiconductor onto the substrate.
Figure 7.5a shows that the SAMFETs are normally on at 0 V gate bias. Therefore, all
logic gates used to build the digital circuits presented here are based on so-called unipolar
Vgs = 0 inverters where the load transistor has the source connected to the gate. 26 A
circuit schematic as well as the input-output characteristics are presented in Figure 7.11.
The inverters show voltage amplification with a gain that increases with the DC supply
voltage (see inset Figure 7.11). The noise margin is about 1 V. The values are similar
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Figure 7.11: Input-output characteristics of a SAMFET based unipolar Vgs = 0 inverter. The
insets show the logic gate schematic and the measured gain. The inverter was measured with a
supply voltage Vdd , of -10 V, -15 V, and -20 V.

to those of state-of-the-art unipolar thin film organic inverters. 27 The small parameter
spread in mobility and threshold voltage allowed combining SAMFETs into inverters and
7-stage ring oscillators. A switching frequency of 5 kHz at a supply voltage of -10 V was
measured.
Real logic functionality is demonstrated with the realization of 15-bit code generators.
The integrated circuits combine over 300 SAMFETs, and contain an onboard clock
generator, hard-wired memory, a 4-bit counter, decoder logic and a load modulator.
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An optical micrograph image and the output of a 15-bit code generator is presented in
Figure 7.12a and b respectively. The bit rate was around 1 kbits/s at a supply voltage
of -40 V. The circuit performance is similar to that of state-of-the-art organic integrated
circuits developed for organic RFID transponders. 27,28
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Figure 7.12: (a) Optical micrograph of the 15-bit code generator. (b) Output of a 15-bit
code-generator based on SAMFETs. The bit rate is about 1 kbit/s at a supply voltage of -40 V.
The code is indicated at the top and by the dashed line.

7.11

Conclusion

In summary, we have realized the basic building block for bottom-up organic electronics, the SAMFET. A high mobility and on-off current modulation were demonstrated.
The excellent reproducibility allowed the realization of functional integrated circuits in
which hundreds of SAMFETs are addressed simultaneously. Bridging the gap from discrete monolayer transistors towards a functional self-assembled integrated circuit puts
bottom-up electronics in a new perspective.
The partially covered SAMFETs could be well suited as chemical sensor. For a sensor
platform, attaining the ultimate mobility is not necessary. The sensitivity is dominated
by the thickness of the semiconductor. 29 Actually, a partially covered SAMFET could
be the ultimate sensor. Any interaction between analyte and SAM impairs a percolating
path. In the limit of only one conducting path, the complete current is blocked.
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Ordered semiconducting
self-assembled monolayers on
organic surfaces utilized in
integrated circuits

8

In this chapter the self-assembled monolayer is directly grown on a bare polymer
surface. The semiconducting SAMs are utilized in field-effect transistors and combined
into integrated circuits as 4-bit code generators. The driving force to form highly ordered
SAMs is packing of the liquid crystalline molecules caused by the interactions between the
linear alkane moieties and the π-π stacking of the conjugated thiophene units. The fully
functional circuits demonstrate long-range order over large areas, which can be regarded
as the start of flexible monolayer electronics.
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Chapter 8. Ordered semiconducting SAMs on organic surfaces
The realization of the first chemisorbed self-assembled monolayers (SAMs) in the

1980s inspired many to study their formation and characterize their properties. 1,2 Since
then, SAMs are applied to e.g. change the wetting properties of materials, 3 adapt the
work function of metals, 4,5 build large-area molecular junctions 6 or fabricate ultra-thin
dielectrics. 7,8 Self-assembly is advantageous from a technological point of view because
it is one of the few practical strategies for making ensembles of nanostructures. 9 In selfassembled monolayer electronics, the basic building block is the self-assembled monolayer
field-effect transistor (SAMFET), in which the semiconductor is a single molecular layer
spontaneously formed on the gate dielectric. In the previous chapter the first SAMFETs
were reported and combined into integrated circuits. The SAMFETs were made using
thermally grown SiO2 as the gate dielectric. The high processing temperature prevents
a direct transfer of the existing technology to the application in flexible electronics. Processing on foil has a limited temperature budget of about 200 ◦ C. Therefore a prerequisite
to incorporate SAMs as active layers in flexible electronics is the ability to grow ordered
monolayers on organic dielectrics processed at low temperatures.

8.1

SAMs on organics

SAM formation on metals and oxides has been studied extensively. 3,10 In general,
SAMs cannot be directly formed on a blank, i.e. unmodified, polymer surface. 11 A
buffer layer is necessary to act as a bridge between the polymer surface and the SAM.
For instance polyethylene and polydimethylsiloxane have first been functionalized with a
thin silicate layer onto which the actual SAM has been formed. 12 Additionally, (aminopropyl)triethoxysilane was grafted as a buffer layer on poly(ethylene terephthalate). 11
Only recently it was shown that silane molecules can stick to a blank rubrene surface. 13
However, highly ordered densely packed SAMs on polymers have not yet been reported.
To create semiconducting SAMs on an organic dielectric the formation of a monolayer
itself is not sufficient. An efficient charge transport can only occur when the SAM is
highly ordered. In this chapter, it is not only shown that semiconducting SAMs are able
to grow on organic dielectrics, but also exhibit long range order and allow for charge
transport over micrometer distances. The SAMFETs based on an organic dielectric
exhibit the same performance as their hybrid, SiO2 based, counterpart. Subsequently
over a hundred SAMFETs were integrated into self-assembled monolayer circuits. The
functional circuit, processed at low temperature, paves the way for flexible self-assembled
monolayer electronics. Additionally it is speculated that the origin for the formation of
the highly ordered SAM on the blank polymer substrate is the liquid crystalline nature of
the molecules employed.

8.1. SAMs on organics
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Self-assembled monolayer field-effect transistors are fabricated in a bottom-gate,
bottom-contact architecture, as illustrated in Figure 8.1a. First, a 50 nm Au layer is
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Figure 8.1: Schematic cross-section of a SAMFET with an organic dielectric. (a) From bottom
to top: a rigid monitor wafer, gold gate line, SU8 organic dielectric, gold source drain electrodes
and SAM. (b) Topography of the monolayer grown on the organic dielectric (9x9 µm2 ), the
z-axis is 25 nm.

deposited onto the substrate and patterned using standard photolithographic and wet
etching techniques to build the transistor gate and a first interconnect layer. An epoxybased negative photoresist, SU8, is then spin-coated onto the wafer acting as the gate
dielectric. The generic chemical structure is shown in the inset of Figure 8.1a. This
polymer was chosen because it is a well studied compound used in electronics 15,16 , highly
cross-linked (so less susceptible to swelling) and, most importantly, because it contains
epoxy groups, which are easily converted to -OH groups upon exposure to an oxygen
plasma. Subsequently to the deposition of the gate dielectric, holes are photochemically
defined to form the vertical interconnects (vias). A second Au layer is deposited on
the stack and patterned to define the source and drain contacts together with a second
interconnect layer.
As

semiconducting

molecules

chloro[11-(5””-ethyl-2,2’:5’,2”:5”,2”’:5”’,

2””-quinquethien-5-yl)undecyl]-dimethylsilane were used, as described in the previous
chapter. The chemical structure of the self-assembled molecule is shown in Figure 8.1a
for completeness. The molecules do not have a chemical interaction with the cross-linked
polymeric gate dielectric. To impose a driving force towards self-assembly, the gate dielectric was activated using an oxygen plasma. The activated surface was hydrolyzed by
submerging the substrate in water. Subsequently, the substrate was blow dried and put
in a dry toluene solution containing the active molecules for 2 days. The devices were
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finished upon annealing in vacuum (10−5 mbar) at 130 ◦ C to remove traces of solvent.

8.2

SAM microstructure

The microstructure of the SAM was investigated by grazing incidence X-Ray diffraction. Figure 8.2 shows the diffracted intensity integrated over the qz direction, corrected
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Figure 8.2: Grazing-incidence diffraction measurements. The diffracted intensity integrated
over the qz direction, corrected for background as a function of in-plane scattering vector qp .
The black line represents the actual measurement whereas the grey line shows a fit to the
experimental data to determine the exact peak position. The (1,1) and (0,2) reflection are
indicated.

for the background intensity from the polymer substrate underneath. The black line
shows the integrated values whereas the grey line shows a fit to the experimental data
to determine the exact peak position.
The Bragg rods of the monolayer are well defined, but they show low scattering
intensity because of the remaining strong background intensity from the polymer substrate
underneath. Due to the very low electron density contrast between the polymer substrate
and the monolayer itself a very poor peak-to-background ratio is found. The small inplane width of the rods is a clear evidence of high order and large crystalline 2D domains
within the monolayer. From the peak positions a rectangular unit cell can be determined
which contains two molecules in a herringbone packing that is comparable to reported
crystal structures of oligothiophenes. 21 The Bragg rods can be indexed as the (1,1) and
(0,2) reflections of a rectangular unit cell with lattice constants a=5.49 Å and b=7.81 Å,
identical to the values previously obtained for SAM formation on SiO2 . 22 The shape
of the Bragg rods in reciprocal space (decay of the intensity along qz at constant qp )
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shows upright standing molecules because the maximum intensity occurs at the Yoneda
reflection. 18
The morphology was investigated by atomic force microscopy (AFM) measurements
on different spots on the sample. A typical spatial map of the topography is presented
in Figure 8.1b, showing a fully covered smooth monolayer. The roughness is comparable
to the blank SU8 surface. If present, bilayers or voids could easily have been resolved. A
smooth surface alone could be due to the absence of molecules. To explicitly establish
the presence of the semiconducting molecules, the electrical transport was characterized.
A typical transfer characteristic of a transistor with concentric source and drain contacts,
a channel length of 20 µm and a channel width of 1000 µm is shown in Figure 8.3. The
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Figure 8.3: Transfer characteristic of a SAMFET with concentric source and drain employing
an organic dielectric. The inset shows a micrograph of the transistor.

extracted device mobility for linear and saturation regime is about 0.02 cm2 /Vs, identical
to the mobility obtained in SAMFETs comprising SiO2 as gate dielectric. 19 The observed
gate-controlled modulation of the source-drain current, in combination with the AFM
measurements taken in the transistor channel is a direct evidence for the presence of the
formation of a semiconducting self-assembled monolayer on an organic gate dielectric.

8.3

Logic

The SAMFETs exhibit a positive threshold voltage. Any integrated circuits comprising
these transistors should therefore be based on ”Vgs = 0” logic, 17,23 using inverters with
the gate of the load shorted with the source as depicted in the Figure 8.4b. The basic
operation of the inverter can be interpreted as a voltage divider controlled by the input
voltage. When the input voltage is low (Vin = Vdd ), the driver transistor is turned on

114

Chapter 8. Ordered semiconducting SAMs on organic surfaces

Figure 8.4: (a) Input-output characteristic of an inverter for different supply voltages. The
inset shows the signal gain as a function of Vin measured at different supply voltage Vdd .
Similar symbols denote the same supply voltages. (b) The logic gate schematic. (c) An optical
micrograph of the inverter.

and the output voltage is pulled up from logic 1 to logic 0. When the input voltage is
high (Vin = 0 V), the output voltage is pulled down to Vdd , because the load transistor
is chosen much wider than the driver. 23,24 Figure 8.4a shows the output signal of the
inverter as a function of the input voltage (Vin ). Voltage inversion is observed. The
inset of Figure 8.4a illustrates the output gain as a function of Vin , measured at different
supply voltages. The observed gain is similar to the one obtained in conventional thin
film organic inverters 25 and inverters based on SAMFETs with a SiO2 gate dielectric. 19
Inverters were combined into 7-stage ring oscillators. A buffer stage was added to
determine the switching frequency. The ring oscillators were measured at a supply voltage
of -32 V over a resistor with an oscilloscope. An oscillation frequency of about 2 kHz
was obtained. The output of the oscillator versus time is shown in Figure 8.5a together
with an optical micrograph in Figure 8.5b. Realization of real logic functionality requires
a small parameter spread in mobility and threshold voltage. Over a hundred SAMFETs
were combined using the polymeric dielectric in a 4-bit code generator in which the ring
oscillators act as the clock. The code generator also contains hard-wired memory, a fourbit counter, decoder logic and a load modulator. The output of the code generator is
presented in Figure 8.6a together with an optical micrograph in Figure 8.6b. The bit rate
is around 0.5 kbit/s at a supply voltage of -42 V. The circuit performance is similar to
that of state-of-the-art organic integrated circuits developed for organic radio-frequency
identification transponders. 26
By now it is well established that at room temperature alkanesilane SAMs on SiO2

8.3. Logic
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Figure 8.5: (a) Output signal of a seven-stage ring oscillator measured at a supply voltage of
-32 V. (b) An optical micrograph of the ring oscillator.

grow in islands. 10 The silane molecules are first physisorbed at the hydrated silicondioxide surface, where hydrolysis of the SAM molecules takes place. Via a condensation
reaction the SAM covalently binds to the interface. The self-assembly can be driven by
the lipophilic interactions between the linear alkane moieties and by the enthalphic van
der Waals forces. In the initial period the monolayer grows in a disordered liquid-like
state and, with time, islands grow laterally and their size is limited by diffusion. The
surface coverage increases until a densely packed, fully ordered, SAM is obtained. In
this case, the self-assembling molecule consists of an aliphatic chain and a thiophene
core each having the possibility to drive the self-assembly. On SiO2 , the growth mechanism has been studied by AFM and SKPM measurements on partially and fully formed
monolayers as presented in the previous chapter. Incomplete monolayers grow in islands
comparable to alkanesilanes on SiO2 . The electrical connection in between grains, with
possibly different crystallographic orientations, was shown not to hamper the electrical
transport. 22 On SU8, in complete monolayers imperfections as voids could not be identified. The electrical transport measurements discussed above show a comparable performance to SAMFETs optimized with SiO2 as gate dielectric.
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Figure 8.6: (a) Output of a 4-bit code generator. The preprogrammed code is indicated above
the diagram and by the dotted line. (b) An optical micrograph of the 4-bit code generator.

8.4

Conclusion

The occurrence of highly ordered densely packed SAMs directly on a polymeric surface can tentatively be explained as follows: first a few anchoring points are made by
plasma oxidation. The monodentate molecules physisorb on the hydrated surface where
they can covalently bind and subsequently grow into a compact SAM. The driving force
is packing of the liquid crystalline molecules caused by the interaction between the linear
alkane moieties and the π-π stacking of the conjugated thiophene units. Defects due
to uncontrolled self-condensation are prevented by the use of a monodentate anchoring
group. The anchor groups on the surface formed by the plasma treatment are undoubtedly heterogeneous in both type and distribution. 27 The processing conditions were not
optimized to obtain the highest number of silanol groups as reported to be crucial for
SAM formation on SiO2 . Still a proper SAM formation is observed, which could suggest
that the microstructure is an umbrella motif consisting of a 2D ordered densely packed
monolayer directly attached to the blank polymer substrate.
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Implications and future prospects

9

Over the last decades there has been an incredible research effort in the field of organic electronics. Materials have reached a mature status; air-stable solution processable
semiconductors with field-effect mobilities larger than 1 cm2 /Vs have been reported for
transistors working in n-type and p-type accumulation mode. The transistors are applied
as pixel engine in active matrix driven flexible OLED displays. The first integrated circuits
were based on unipolar logic; complementary logic has already been demonstrated. Radio frequency identification transponders operate at the industry standard of 13.56 MHz,
rectifiers even operate at almost 1 GHz. Still, the bottleneck for commercialization is the
reliability of the transistor. The first objective of this thesis was to find the origin of the
limited operational stability. To this end three questions were raised in the introduction,
namely
1. Which key field-effect transistor parameters are affected by applying prolonged
biases to the electrodes?
2. Is it possible to detect trapped charges and where are these charges trapped?
3. Can the gate bias stress effect be quantitatively modeled?
By answering these questions the origin of the gate bias stress effect has been revealed. It was shown that the threshold voltage shift is due to trapping of charges as
measured with scanning Kelvin probe microscopy. By delaminating the semiconductor it
has been proven that the charges are stored in the gate dielectric. The dynamics of the
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threshold voltage shift were quantitatively modeled by solving the drift-diffusion equation
for protons moving into the gate dielectric. We could identify an absorbed monolayer
of water at the dielectric-semiconductor interface as the origin of the limited operational
stability.
Large area electronics such as television screens is presently based on amorphous
silicon transistors. However, organic transistors fabricated in research labs outperform
amorphous silicon transistors both in terms of charge transport and in terms of reliability.
The high-performance semiconductors are now commercially available. The semiconductors are sold in combination with dedicated, optimized gate dielectrics, which is crucial
to prevent reliability issues. All basic building blocks for system-in-foil applications have
been demonstrated, the technical challenge that remains is to process the materials uniformly over large areas. Then, a bright future for bulk thin film organic circuits is to be
expected.
At the moment large-area processing, like evaporation and spin coating, is top-down.
A promising process technology for organic electronics is bottom-up self-assembly, which
is the autonomous organization of components into patterns and structures without
human interaction. Self-assembly has the advantage over conventional processing techniques that it can be made substrate selective and can potentially cover large areas
uniformly. The second objective of this thesis was to pioneer self-assembly as a tool to
fabricate organic electronics. Two questions were raised in the introduction, namely

4. Is it possible to manipulate the local light emission in OLEDs by using self-assembled
monolayers?
5. Can organic electronics be fabricated in which a SAM transports the charge carriers
and which properties then determine the extracted device mobility?
Self-assembled monolayer field-effect transistors were fabricated and it was shown
that the monolayer coverage together with the channel length sets the extracted device
mobility. Complex logic functionality was demonstrated by constructing a 15-bit code
generator in which hundreds of SAMFETs were addressed simultaneously. As the next
step a transfer of the self-assembly process to an organic dielectric was realized, which
can be regarded as the start of organic monolayer electronics.
The target is to completely self-assemble fully functional electronic systems. This idea
is of course not yet realistic, but it is scientifically intriguing. In this thesis a self-assembled
semiconductor is presented, historically proven to be a major roadblock. Self-assembled
dielectrics have already been reported. A logical next step is to self-assemble the semiconductor simultaneously with the gate dielectric. The process technology as presented
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in this thesis is still a combination of top-down and bottom-up fabrication. Bottom-up integrated organic electronics require self-organized contacts that align with self-assembled
gates and interconnects. Proven solutions to self-assemble contacts and interconnects
are not yet available, but various technologies such as dewetting of conducting polymers
and selective metallization thereof are being investigated.
The self-assembled monolayer field-effect transistors as presented in this thesis already
have an emerging application, they can act as sensors for gas detection. Analyte molecules
physisorbed on top of the semiconductor modulate the charge transport in the channel
by electrostatic interactions with the accumulated charges. The sensitivity increases with
decreasing layer thickness. From a sensitivity point of view, the ultimate gas sensor
is therefore a SAMFET, because the semiconductor is only one monolayer thick. The
challenge is to create selective sensors. Receptors that can bind specific target analytes
are well-known. The next step is to incorporate these receptors in a SAM. A possibility is
to design and synthesize a semiconducting molecule with receptor that can be mixed into
a semiconducting SAM. The envisioned SAMFET sensors will serve as the basic building
block in sensitive and selective gas detection systems.
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Summary

Organic semiconductors are emerging in solar cells, photodetectors, light-emitting
diodes and field-effect transistors. The main advantages are the electrical transport
properties that can be tailored by chemical design, and their mechanical flexibility. Applications are foreseen in the field of large-area organic electronics, where numerous discrete
devices are required on low-cost substrates such as glass or plastic. Widespread introduction however is hampered by two main bottlenecks, which are the limited operational
stability and the complex formulations needed for the large-area processing.
The basic building block of organic electronics is the field-effect transistor; a microelectronic device used to manipulate the magnitude of a current with an external electrical
field. Transistors have to be reliable under operation i.e. when biases are applied to the
electrodes, the resulting device current should be constant. In organic transistors however, the on-current slowly decreases with time, an effect of which the origin is unknown.
This so-called bias stress effect has puzzled the scientific community for more than two
decades.
In Chapter 2 it was shown that the decrease of current with time is caused by a shift
of the threshold voltage, i.e. the bias needed to turn the transistor on. The temperature
dependence of the threshold voltage shift is determined to be independent of the semiconductor used. This observation led to the conclusion that the threshold voltage shift is
due to a common physical origin, but the exact nature remained elusive. Additional measurement techniques were required to understand the cause of the threshold voltage shift.
In Chapter 3 scanning Kelvin probe microscopy (SKPM) was used to monitor trapped
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charges in transistors under applied bias. SKPM measures the local surface potential and
provides microscopic insight in the electrical performance of organic transistors. It was
shown that the potential profiles changed upon gate bias stress, but only in the channel
region of the transistor. The reliability issues were found to be not due to an increase in
the contact resistance, but due to trapping of charges in the channel area of the transistor. The question remained where the charges were trapped exactly. The threshold
voltage shift could be due to trapping in the semiconductor or in the gate dielectric.
In Chapter 4 SKPM proved that charges can be stored at the dielectric-semiconductor
interface even without a semiconductor present. By exfoliating the semiconductor after
stress, and subsequent probing of the surface potential of the exposed gate dielectric,
it was shown that the threshold voltage shift was indeed due to charge trapping in the
dielectric and not in the semiconductor.
In Chapter 5 a scenario is proposed to explain the observed threshold voltage shift
quantitatively. The model consists of two ingredients: (i) hole-assisted electrolytic production of protons from water in the accumulation layer and (ii) the subsequent diffusion of these protons into the SiO2 gate dielectric. The proposed model captures the
most important features of the gate bias stress effect, such as the time dependence of
the threshold voltage shift and the semiconductor-independent temperature dependence
thereof. The model can also explain the recovery of the transistor upon grounding all
electrodes and predicts an anomaly in the current transients, which was experimentally
verified in Chapter 5. By combining the experimental and theoretical evidence as presented in this thesis, it was concluded that a layer of water at the gate dielectric together
with diffusion of protons into the gate dielectric can explain the most important features
of the bias stress effect.
At the moment large area processing, like evaporation and spin coating, is top-down.
A promising process technology for organic electronics is bottom-up self-assembly, which
is the autonomous organization of components into patterns and structures without
human intervention. Self-assembly has the advantage over conventional processing techniques that it can be made substrate selective and can potentially cover large areas
uniformly. Self-assembled monolayers (SAMs) gained a great scientific and industrial interest because of their ability to change the macroscopic properties of surfaces. Reported
surface modifications are for instance changes in work function, wettability and adhesion.
The advances in SAM-based electronics however have been slow.
To investigate the possibility of self-assembly as a processing tool to fabricate organic
electronics, first a well-studied system - thiols on gold - was considered in Chapter 6.
Thiols with opposite built-in dipole moment were chosen and in this way the work function
of the injecting electrode could be increased as well as decreased. The change in work
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function resulted in a modification of the current injection. In this way patterned lightemitting diodes (LEDs) were fabricated. Only a single layer of molecules determined the
light emission in an organic LED.
The expertise gained on self-assembly in organic electronics was used to fabricate
self-assembled monolayer electronics in Chapter 7. Making integrated circuits using a
bottom-up approach involving self-assembling molecules was already proposed in the
1970s. The basic building block of such an integrated circuit is the self-assembled monolayer field-effect transistor (SAMFET), where the semiconductor is a monolayer spontaneously formed on the gate dielectric. In SAMFETs fabricated so far, current modulation
has only been observed in sub-micrometer channels. The low field-effect carrier mobility,
low yield and poor reproducibility have prohibited the realization of bottom-up integrated
circuits. We were able to identify and remove these bottlenecks by studying the charge
injection and transport in monolayer semiconductors. By circumventing the main roadblocks, real logic functionality was demonstrated in integrated circuits by constructing
a 15-bit code generator in which hundreds of SAMFETs were addressed simultaneously.
Additionally, we investigated the cause of the absence of current in long channel length
transistors. The extracted device mobility in SAMFETs was found to be determined by
the monolayer coverage and the channel length. The dependence on coverage and channel length were quantitatively explained numerically and analytically. At partial coverage,
SAMFETs form a unique model system to study charge percolation in two dimensions.
The SAMFETs were made with silicon dioxide as the gate dielectric, which could
be a possible disadvantage when they are used as building blocks in flexible electronics.
As a final step the self-assembly process was transferred to organic substrates in Chapter 8, which can be regarded as the start of the field of flexible self-assembled monolayer
electronics.
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Er wordt steeds vaker gebruik gemaakt van organische halfgeleiders in zonnecellen,
fotodetectoren, lichtgevende diodes en veld-effect transistoren. De belangrijkste voordelen van deze organische materialen zijn hun mechanische flexibiliteit en de elektrische
transport eigenschappen, die gemodificeerd kunnen worden door de chemische structuur
te veranderen. Toepassingen van organische elektronica kunnen verwacht worden op
grote oppervlakken, waarin een groot aantal losse componenten nodig is op goedkope
substraten zoals glas of plastic. Grootschalige marktintroductie wordt echter belemmerd
door twee belangrijke knelpunten, namelijk de gelimiteerde stabiliteit tijdens gebruik en
de complexe formuleringen die nodig zijn voor de verwerking van de materialen op grote
oppervlakken.
De bouwsteen van de organische elektronica is de veld-effect transistor. In dit apparaat kan met een spanning op de poortelektrode de grootte van de stroom tussen de
bron- en afvoerelektrode worden geregeld. Wanneer spanningen worden aangelegd op
de elektroden moet de resulterende stroom door de transistor constant blijven. In organische transistoren neemt de aan-stroom echter langzaam af met de tijd, een effect
waarvan de oorzaak nog onbekend is. Dit zogenaamde spanningsbelastingseffect verbaast
de wetenschappelijke wereld al meer dan twee decennia.
In Hoofdstuk 2 laten we zien dat deze stroomafname veroorzaakt wordt door een
verschuiving van de drempelspanning, dat is de spanning die nodig is om de transistor
aan te zetten. De temperatuursafhankelijkheid van de drempelspanningsverschuiving
blijkt onafhankelijk van de gebruikte halfgeleider. Deze observatie leidt tot de conclusie
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dat de verschuiving wordt veroorzaakt door een gemeenschappelijke fysische oorzaak,
waarvan the exacte aard nog niet kan worden vastgesteld. Aanvullende meettechnieken
zijn nodig om de oorzaak van de drempelspanningsverschuiving te begrijpen.
In Hoofdstuk 3 wordt scanning Kelvin probe microscopy (SKPM) gebruikt om vastzittende lading in operationele transistoren te detecteren. SKPM meet de locale oppervlaktepotentiaal en geeft direct microscopisch inzicht in de elektrische prestaties van
organische transistoren. Het blijkt dat de potentiaalprofielen veranderen als de transistor wordt belast met een spanning op de poortelektrode. Deze veranderingen vinden
echter alleen plaats in het kanaal van de transistor, waardoor contacteffecten kunnen worden geschrapt als oorzaak voor de drempelspanningsverschuiving. De drempelspanningsverschuiving kan slechts worden veroorzaakt door vastzittende lading in de halfgeleider
of in het diëlektricum. In Hoofdstuk 4 bewijzen we met SKPM dat ladingen opgeslagen
kunnen worden op het diëlektricum, zelfs zonder dat de halfgeleider aanwezig is. Door de
halfgeleider van het diëlektricum af te halen na de spanningsbelasting en vervolgens het
diëlektricum te bestuderen met SKPM laten we zien dat de drempelspanningsverschuiving inderdaad veroorzaakt wordt door vastzittende lading in het diëlektricum en niet in
de halfgeleider.
In Hoofdstuk 5 wordt een scenario voorgesteld om de drempelspanningsverschuiving
kwantitatief te verklaren. Het model bevat twee ingrediënten: (i) elektrolytische productie
van protonen uit water dat zich in de accumulatielaag bevindt en (ii) de daarop volgende
diffusie van deze protonen in het SiO2 diëlektricum. Het model beschrijft de belangrijkste eigenschappen van het poortspanningsbelastingseffect, zoals de tijdsafhankelijkheid van de drempelspanningsverschuiving en de halfgeleideronafhankelijke temperatuurafhankelijkheid hiervan. Daarnaast verklaart het model ook het herstel van de transistor
wanneer alle elektrodes geaard worden na de spanningsbelasting. Tevens voorspelt het
een abnormaal tijdsafhankelijk gedrag van de stroom, dat experimenteel is geverifieerd
in Hoofdstuk 5. Door het experimentele bewijs te combineren met de theoretische voorspellingen kan er worden geconcludeerd dat de aanwezigheid van een laagje water op het
diëlektricum samen met diffusie van protonen in het diëlektricum de meest belangrijke
effecten van het poortspanningsbelastingseffect kan verklaren.
Op dit moment zijn de processtappen op grote oppervlakken vaak top-down; structuren worden van groot naar klein opgebouwd. Een veelbelovende procestechnologie voor
organische elektronica is bottom-up zelfassemblage; de autonome organisatie van componenten in patronen en structuren zonder interventie van mensen. Het voordeel van
zelfassemblage over conventionele procestechnieken is de oppervlakte-selectiviteit en dat
het mogelijkerwijs grote oppervlakken uniform kan bedekken. Zelfgeassembleerde monolagen krijgen veel aandacht in zowel de wetenschappelijke als de industriële wereld, omdat
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ze op een eenvoudige manier macroscopische eigenschappen van oppervlakken kunnen
veranderen. Gerapporteerde oppervlaktemodificaties zijn bijvoorbeeld een verandering in
werkfunctie, bevochtbaarheid en aankleving.
Alvorens zelfassemblage te gebruiken als methode om organische elektronica te fabriceren wordt in Hoofdstuk 6 eerst monolaagformatie op goud bekeken. Met thiolen
kan de werkfunctie van het injecterende contact in een lichtgevende diode worden verhoogd, dan wel verlaagd. De verandering in werkfunctie resulteert in een modificatie van
de stroominjectie. Op deze manier kunnen gepatroneerde lichtgevende diodes worden
gefabriceerd. Hierin bepaalt slechts één enkele laag moleculen de lichtemissie uit een
organische lichtgevende diode.
De opgedane kennis met betrekking tot zelfassemblage in organische elektronica wordt
vervolgens gebruikt om elektronica op basis van zelfgeassembleerde monolagen te maken
in Hoofdstuk 7. Het maken van geı̈ntegreerde circuits door middel van de bottomup methode was al voorgesteld in jaren zeventig. De bouwsteen van zo’n geı̈ntegreerd
circuit is de zelfgeassembleerde monolaag veld-effect transistor (SAMFET), waarin de
halfgeleider bestaat uit een monolaag die zichzelf vormt op het diëlektricum. In tot
dan toe gefabriceerde SAMFETs werd alleen stroommodulatie gemeten in kanalen korter
dan een micrometer. De lage mobiliteit van de ladingsdragers en slechte reproduceerbaarheid verhinderen de realisatie van bottom-up organische geı̈ntegreerde circuits. In
Hoofdstuk 7 kunnen we de belangrijkste knelpunten identificeren en wegnemen door het
ladingstransport en injectie in halfgeleidende monolagen te bestuderen. Door de belangrijkste hindernissen te omzeilen wordt functionele logica gedemonstreerd door een
15-bit code generator te fabriceren, waarin honderden SAMFETs tegelijkertijd worden
geadresseerd. Aanvullend bestuderen we de oorzaak van de lage stroom in transistoren
met een lang kanaal. De geëxtraheerde mobiliteit hangt af van de kanaallengte en de
bedekkingsgraad van de zelfgeassembleerde monolaag. Die afhankelijkheid wordt zowel
numeriek als analytisch verklaard in Hoofdstuk 7.
De SAMFETs werden tot dan toe gemaakt met siliciumdioxide als diëlektricum, wat
mogelijkerwijs een nadeel kan zijn als ze gebruikt worden in flexibele elektronica. Als een
laatste stap is daarom in Hoofdstuk 8 het zelfassemblageproces overgezet naar organische
substraten.
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meeste zouden niet misstaan als diëlektricum, maar als er eentje wel stroom geleidde,
was het meteen een mooie publicatie. Geen van de gefabriceerde transistoren en inverters
is in dit proefschrift opgenomen, maar ik heb in ieder geval veel lol beleefd in het lab en
op conferenties. Thank you very much!
Naast collega’s zorgden vrienden en familie voor de nodige ontspanning. Ze zijn
gelukkig te talrijk om ze hier allemaal bij naam te noemen. Ik ben blij met deze hechte
vriendengroep; Ronald, Greetje, Michiel, Tristan, Thieo, Peter, Rob, de Stiefelcommissie
en Eindhoven AV 4. Bedankt! Deze promotie was niet tot stand gekomen zonder de
onvoorwaardelijke steun van mijn ouders, Jos en Rieky, en mijn zus en haar man, Christel
en Ralf.
Anique, we kennen elkaar sinds ik begonnen ben met mijn promotie. Sindsdien lacht
het geluk me toe; dat kan geen toeval zijn!
Simon

140

